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Abstract

The surface chemistry of graphene oxide (GO) can be modified by the chemical reduction of oxygen-containing groups

using L-ascorbic acid (L-AA). Being able to ‘‘tune’’ the surface hydrophobicity of GO in a controlled manner, with a well-

defined level of reduction, provides a valuable tool for understanding and controlling interactions with hydrophobic

surfaces. Numerous analytical and chemical methods have been used to determine the extent of reduction in chemically

reduced graphene oxide (CRGO) samples. However, many of these methods are limited by their laborious nature, cost, or

lack of sensitivity in resolving oxygen content in samples that have only been reduced for short periods of time, making

them inappropriate for rapid use with multiple samples. Here, we have used ultraviolet (UV), Raman, and attenuated total

reflection infrared (ATR-IR) spectroscopy to monitor the chemical reduction of GO. These three techniques are simple,

rapid, nondestructive, accurate, and widely available. The data set from each technique has been correlated and modeled

against a reference data set (carbon to oxygen ratio obtained from elemental analysis) using partial least squares regression

(PSLR). Using this approach, the chemical reduction of GO was quantified from UV (r2
¼ 0.983, RMSECV¼ 0.049), Raman

(r2
¼ 0.961, RMSECV¼ 0.073) and ATR-IR (r2

¼ 0.993, RMSECV¼ 0.032) data. ATR-IR enabled identification of the different

oxygen-containing groups on GO, and coupled with chemometric modeling, provides an excellent approach for the

routine quantitative analysis of the chemical reduction of GO.
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Introduction

Graphene can be produced from graphene oxide (GO) using

many different reducing agents.1–3 One of the cheapest,

safest, and most readily available reagents for this purpose

is L-ascorbic acid (L-AA), a mild reducing agent that reacts

with oxygen moieties on the surface of GO sheets.3 The

reaction proceeds slowly, converting surface oxygen moi-

eties on GO sheets to water, while L-AA is deprotonated

to dehydroascorbic acid.3 At the same time, oxalic and glu-

curonic acids, which form spontaneously from dehydroascor-

bic acid, react with the peripheral oxygen groups, e.g.,

carboxylic acids, which effectively caps them and interrupts

p–p interactions between GO sheets.3 This is accompanied

by a decrease in sp3 character and an increase in sp2

‘‘graphene-like’’ character on the sheets, which increases

electronic conductivity and surface hydrophobicity.3 These

chemically reduced graphene oxides (CRGOs) are widely

used in the fabrication of energy storage cells,4,5 chemical

sensors,6,7 self-assembled monolayer-based electrodes,8

and field effect transistors.9,10
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The mild reducing conditions associated with L-AA solu-

tions make it possible to produce chemically diverse

CRGOs by varying the duration of the reaction.3,11–13

Longer reduction times decrease the concentration of sur-

face hydroxyl (OH), carbonyl (C¼O), epoxy (C–O–C), and

carboxyl (COOH) groups, which modulates the surface

hydrophobicity of the CRGOs. This is sometimes known

as ‘‘tuning’’ the surface hydrophobicity and can be used to

produce CRGOs with diverse surface chemistries.3,14,15 In

addition to the applications listed above, these materials are

useful in the field of enzyme immobilization, as the activity

of various enzymes is highly dependent on the hydropho-

bicity of the solid phase to which they are bound.12,13,16,17

Controlling the extent of chemical reduction is not straight-

forward and the analytical methods commonly used for

determining the extent that CRGOs are reduced can be

slow and expensive. Therefore, there is a need to develop

rapid, quantitative analysis methods for determining the

extent of reduction in CRGO samples.

Many analytical methods have been used to characterize

CRGOs, including: elemental analysis,18–20 X-ray photo-

electron spectroscopy (XPS),21–23 contact angle measure-

ment,24–26 X-ray diffraction (XRD),27–29 thermal

gravimetric analysis,30–32 atomic force microscopy,33–35

and nuclear magnetic resonance.36–38 Chemical methods

for characterizing CRGOs have also been employed, e.g.,

the use of (Ru(bpy)3)
2þ and pyrene to determine the

oxygen content.14,15 In this work, we wanted to assess

methods that could be performed using widely available

instrumentation and that are also relatively rapid and non-

destructive. While most of the methods mentioned above

are able to structurally define the surface properties of

GO/CRGOs, there are several shortcomings. First, many

of these methods require instrumentation that is not widely

available. Second, some of these methods, while suitable for

showing clear differences between large steps in GO reduc-

tion (i.e., GO to a fully reduced CRGO), lack the sensitivity

required to accurately determine small changes in reduc-

tion. For research fields, such as enzyme immobilization

that greatly relies upon being able to monitor minor

changes to surface hydrophobicity, precisely measuring

these properties is important. Thus, methods investigated

needed to be suitably sensitive for determining small

changes in reduction.

Herein we have assessed ultraviolet (UV), attenuated

total reflection infrared (ATR-IR), and Raman

spectroscopies.

Several reports have demonstrated the potential of

these methods for characterizing CRGOs,35,39–43 but to

our knowledge, data from these techniques has not been

modeled against reference data to produce quantitative

chemometric models. Elemental analysis was used as the

reference method to accurately quantitate the mass pro-

portion of C, H, N, and O in CRGOs that had been

reduced over a range of time points.43 Results from the

analysis were used to model structured variance in UV,

Raman, and IR spectra of subsamples of the same CRGO

sample set using partial least squares regression (PLSR).

Materials and Methods

Chemicals

Graphite flakes (< 45 lm) and L-AA were purchased from

Sigma Aldrich. Concentrated sulfuric acid and hydrochloric

acid were purchased from Merck Millipore. Hydrogen per-

oxide (30% v/v) and potassium permanganate were pur-

chased from Chem-Supply (Australia).

Preparation of Graphene Oxide

Graphene oxide was synthesized in solution using a mod-

ified Hummer’s method.44 Graphite flakes (2 g, Sigma-

Aldrich) were dispersed in sulfuric acid (12 mL) and

heated at 80 �C for 4.5 h. The mixture was cooled and

graphite flakes were exfoliated for 5 h using an ultrasonicat-

ing bath (GRANXUBA3, VWR Industries). This solution

was diluted with MilliQ H2O (500 mL) and left to settle

for 12 h. The pre-oxidized graphite flakes were filtered

through an Isopore membrane filter (0.2 lm pore size,

25 mm width) and dried in a hot air oven at 70 �C. The

dried flakes were dispersed in sulfuric acid (120 mL), form-

ing thin graphite oxide sheets. Potassium permanganate

(15 g) was slowly added and the solution was stirred for

2 h at room temperature. This mixture was diluted with

MilliQ H2O (250 mL), stirred for 2 h, and then diluted

with a further aliquot of MilliQ H2O (700 mL). Hydrogen

peroxide (30%, 20 mL) was added and the mixture was

allowed to settle for 12 h. The resulting graphene oxide

was divided into batches (15 mL) and centrifuged at

12 000 rpm (Eppendorf 5810 R, F-34-6-38 rotor) for

15 min. Pellets were resuspended in hydrochloric acid

(10 mL, 10% v/v) to wash and remove any metal ions, fol-

lowed by centrifugation at 12 000 rpm for 15 min. Finally,

pellets were washed with MilliQ H2O and centrifuged

repeatedly until thin GO sheets floated in the supernatant.

The GO sheets were collected as an aqueous dispersion in

MilliQ H2O. Aliquots (1 mL) were then dried at 60 �C in an

oven to quantify the weight of GO in solution. After quan-

tification the concentration of GO was adjusted to � 2 mg

mL�1 by addition of MilliQ H2O.

Chemical Reduction of Graphene Oxide

To synthesize CRGOs the aqueous dispersion of GO was

chemically reduced using the L-AA method.3 Three individ-

ual preparations of GO were used, with reduction initiated

by adding L-AA (200 mg) into 20 mL GO solutions

(2 mg mL�1) in a 50 mL Schott bottle. The solutions were

stirred (300 rpm) at room temperature (�22 �C), with the
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reduction allowed to proceed for different lengths of time

(2, 4, 6, 8, 12, 24, and 48 h). After the respective times

CRGO samples were pelleted by centrifugation at

12 000 rpm (Eppendorf 5810 R, F-34-6-38 rotor) for

10 min and washed repeatedly with MilliQ H2O to

remove excess L-AA. Lastly, the synthesized CRGO pellets

were resuspended in MilliQ H2O to a concentration of

2 mg mL�1 and used in characterization studies including

elemental analysis, UV, Raman, and ATR-IR spectrophoto-

metric measurements.

Elemental Analysis

Elemental analyses were carried out by Campbell

Microanalytical Laboratory (Department of Chemistry,

University of Otago, New Zealand). Before analysis, sam-

ples were made to a concentration of 2 mg mL�1 in MilliQ

water, freeze dried, and desiccated to remove residual

moisture. The carbon (C), hydrogen (H), and nitrogen

(N) contents were determined. The percentage of oxygen

(O) was determined theoretically by mass balance, i.e.,

%O¼ 100 – [% Cþ% Hþ% N].

Ultraviolet Visible Spectroscopy

Absorbance spectra were measured from 200–700 nm

using a Varian Cary 300 spectrometer (Agilent

Technologies) using a scan rate of 500 nm min�1.

Solutions of GO and CRGOs in MilliQ water were pre-

sented in a quartz cuvette at a concentration of 67 lg mL�1.

Raman Spectroscopy

Raman spectra of freeze dried GO and CRGO samples

were acquired using a Reinshaw InVia microspectrometer

(Reinshaw) equipped with a 50� objective lens and charge-

coupled device (CCD) detector. Spectra were acquired

using a 180� backscattering geometry. Incident radiation

was supplied by an argon ion laser, emitting at 514 nm,

with a power of 2.5–5.0 mW, and a laser spot size of

1.5 lm. Each spectrum was calculated as the average of

5� 2 s acquisitions, which recorded Stokes scattered

light intensity at 940–2000 cm�1 with a spectral resolution

of 4 cm�1. Five spectra were acquired from different loca-

tions for each sample and averaged to produce the final

spectrum. The laser was manually focused on the sample

surface before each acquisition.

Attenuated Total Reflection Infrared Analysis

Infrared spectra were acquired at 4000–600 cm�1 using a

Bruker Alpha ATR-IR spectrometer (Brucker Optik)

equipped with a single reflection diamond crystal and a

deuterated triglycine detector. Each spectrum was the aver-

age of 512 scans with a spectral resolution of 4 cm�1.

GO and CRGO samples (2 mg mL�1 solutions in MilliQ

water) were drop cast directly onto the ATR crystal and

allowed to dry into thin films before spectral acquisition.

Chemometric Analysis

Chemometric processing and analysis of the data sets was

performed using The Unscrambler X software, version 10.3

(CAMO Software). Ultraviolet spectra were reduced to the

region of 200–400 nm and their intensity was normalized

using a standard normal variate (SNV) transformation.

Raman spectra were subjected to a Savitzky–Golay

second-order derivative transformation (second-order

polynomial, 30-point symmetric kernel) and the spectral

range of 1730–1180 cm�1 was then normalized using a

SNV transformation. Infrared spectra were subjected to a

Savitzky–Golay, second-order derivative transformation

(second-order polynomial order, four-point symmetric

kernel) and the spectral ranges of 3050–2700 cm�1 and

1900–800 cm�1 were normalized using a SNV transform-

ation. Pre-processed spectra from these three spectro-

scopic methods were related to the C : O ratio of the

CRGO sample sets using PLSR and the non-iterative partial

least squares (NIPALS) algorithm. Models were validated

using full, leave-one-out cross-validation.

Results and Discussion

Elemental Analysis of Chemically Reduced Graphene
Oxides

The mass percentages of C, H, and N of the CRGO sample

set were determined by elemental analysis (Table 1). These

results were used to calculate the mass % of O for each

sample (Table 1), which decreased in a linear fashion with

increased reduction times (r2
¼ 0.980, up to 24 h) (Fig. 1a).

After 48 h the relationship deviated from linearity (Fig. 1b),

indicating that the rate of reduction had changed. The

reason for the nonlinear region beyond 24 h is most likely

related to the reduced availability of surface oxygen groups

as the reaction proceeds. During the reduction of GO, the

physical state of the material gradually changes from being

more hydrophilic to hydrophobic. Up to 24 h, the GO

sheets remain dispersed, with the reduction of the surface

oxygen groups able to proceed at a linear rate. However,

after 24 h, CRGOs begin to aggregate, indicating that the

reduction is nearing completion, with most of the oxygen

functional groups removed from the surface, except the

carboxylic groups at the edges. Previously, it has been sug-

gested that solution-based processing methods are not effi-

cient for the removal of carboxylic groups at the edges,

with the groups remaining in extensively reduced CRGO

samples.41 Therefore, under the conditions used in this

work it would appear that the 24 h time point represents

an important threshold for obtaining stable CRGO

Nalder et al. 3



dispersions. Reduction of GO beyond 24 h results in aggre-

gation, limiting the rate of L-AA-mediated reduction and

resulting in a deviation from the linear relationship

observed for less reduced CRGOs.

A small amount of N, which diminished with increasing

reduction times, was also detected in the samples (Table 1).

The exact origin of N is unclear; one possible source is

residual potassium permanganate (KMNO4) that was used

for synthesizing GO.

While elemental data could be used to accurately char-

acterize the extent of reduction in the CRGO sample set, it

required specialized analytical facilities and results in sample

destruction. We wanted to assess whether UV and IR spec-

troscopies could be used for this analysis as they use widely

available instrumentation and allow nondestructive analysis.

We also assessed Raman spectroscopy, which allows

straightforward sample presentation and rapid, nondestruc-

tive analysis. To assess the merits of these methods, we

used PLSR to model structured variance in UV, IR, and

Raman spectra against variance in C : O ratios calculated

from elemental analysis data.

Ultraviolet–Visible Spectroscopy for Determining
Extent of Reduction in Chemically Reduced
Graphene Oxides

The UV spectra of the CRGO samples are presented in

Fig. 2 and are consistent with UV data from similar

sample sets, reported elsewhere.45 The UV spectrum of

GO had a peak maximum at 230 nm and a visible ‘‘shoulder

peak’’ at 300 nm from p–p* and n–p* transitions, respect-

ively. As reduction time increased, the UV maximum for the

CRGOs gradually red shifted to 266 nm and the shoulder at

300 nm became less visible (Fig. 2). This was attributed to

reduced energy of p–p* transitions associated with

increased conjugation on the CRGO sheets. These dynamic

changes in UV absorbance wavelengths and intensities con-

founded linear regression models relating single wavelength

intensities to C : O ratio reference values. We therefore

related these reference values to the full (200–400 nm)

Figure 1. Linear regression of reduction time vs. oxygen content of chemically reduced graphene oxide samples from (a) 0–24 h and

(b) 0–48 h.

Table 1. Elemental composition (C, H, N, and O percent mass)

of graphene oxide and chemically reduced graphene oxides,

reduced for 2–48 h.

Sample % C % H % N % O C : O ratio

Graphene oxide A 45.59 2.60 2.01 51.82 0.88

Graphene oxide B 45.16 2.36 1.49 52.48 0.86

2 h CRGO A 48.17 2.23 <0.3 49.61 0.97

2 h CRGO B 48.27 2.66 <0.3 49.08 0.98

2 h CRGO C 48.71 2.66 <0.3 48.64 1.00

4 h CRGO A 50.33 2.70 1.56 46.98 1.07

4 h CRGO B 50.32 2.40 1.51 47.28 1.06

4 h CRGO C 49.86 2.32 1.49 47.83 1.04

6 h CRGO A 50.98 2.52 1.14 46.51 1.10

6 h CRGO B 51.47 1.91 1.13 46.62 1.10

6 h CRGO C 51.56 1.91 1.13 46.53 1.11

8 h CRGO A 53.46 2.18 0.97 44.37 1.20

8 h CRGO B 53.80 1.94 0.94 44.26 1.22

8 h CRGO C 54.91 2.45 1.03 42.64 1.29

12 h CRGO A 57.03 2.34 0.97 40.64 1.40

12 h CRGO B 57.45 1.91 0.90 40.65 1.41

12 h CRGO C 58.14 1.87 0.82 40.00 1.45

24 h CRGO A 66.09 1.87 <0.3 32.05 2.06

24 h CRGO B 65.78 1.70 <0.3 32.53 2.02

24 h CRGO C 65.24 1.93 <0.3 32.84 1.99

48 h CRGO A 69.96 1.48 <0.3 28.56 2.45

48 h CRGO B 75.33 1.36 <0.3 23.32 3.23

48 h CRGO C 76.52 1.46 <0.3 22.04 3.47
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intensity-normalized UV spectra of the CRGO sample set

using PLSR.

A summary of the PLSR model relating UV spectral vari-

ance to C : O ratios is presented in Fig. 3. The 48 h point

was omitted as it did not fit the model, possibly due to the

change in the reaction rate for this sample, as discussed

above (Fig. 1). Due to the aggregated state, it is also pos-

sible that the dispersion of the 48 h sample in aqueous

solution is affected, limiting its characterization by UV.

Calibration and validation plots of the PLSR model are

shown in Fig. 3a, demonstrating a good fit between UV

spectral data and C : O ratios (validation r2
¼ 0.983; root

mean square error of cross-validation [RMSECV]¼ 0.049).

The loadings plot in Fig. 3b shows that the model is largely

derived from the variance in the spectral intensity at 230

and 277 nm, which are loaded inversely to one another.

These inverse loadings imply that absorbance intensity at

230 nm deceases as chemical reduction proceeds, while the

absorbance intensity at 277 nm increases. This pattern is

consistent with an increase in p-conjugation with increasing

reduction times applied to the CRGO samples.

Following inspection of the loadings plot, we assessed

the ratio of UV absorbance. It was apparent that there was

a latent relationship between the band intensities at 230 nm

and 270 nm, and the extent of reduction in the CRGO

samples. Therefore, we attempted to correlate the inten-

sity ratio of these wavelengths with the C : O reference

data determined by elemental analysis. However, these

data were not well correlated, emphasizing the usefulness

of simultaneously relating all UV spectral intensities to the

reference data using PLSR. These results demonstrate that

PLSR of UV spectra can be used to rapidly and accurately

characterize the extent of oxidation that has occurred in

CRGO samples. While this analytical technique was feas-

ible, the method required samples to be analyzed in solu-

tion, which was not ideal. A more practical and rapid

approach would enable analysis to be performed directly

on dry samples. For this reason, we also investigated IR and

Raman spectroscopy for this application.

Raman Spectroscopy for Determining Extent of
Reduction in Chemically Reduced Graphene Oxides

Raman spectra of the CRGO sample set are presented in

Fig. 4a and show two major spectral features, which have

been described elsewhere as the ‘‘graphitic’’ G-band

(1600 cm�1) and the ‘‘defects’’ D-band (1330 cm�1). The

G-band derives intensity from C¼C double bond stretching

vibrations and the D-band derives intensity from bending

vibrational modes associated with C–O bending

modes.3,23,46 The relative intensity of these bands have pre-

viously been used to determine the ‘‘end-point’’ of chemical

reduction of graphene oxide.3,23,46 Here, we go a step fur-

ther, using the Raman intensity of these bands to quantita-

tively measure the extent of reduction in CRGO by relating

Raman spectra to C : O ratios calculated from elemental

analysis using PLSR. Before modeling, Raman spectra were

subjected to pre-processing. The broad spectral features,

including intensity offset (Fig. 4a), were removed by sub-

jecting each spectrum to a second derivative transform-

ation (Fig. 4b). Next, the spectral range was reduced to

1730–1180 cm�1, which contained the G- and D-bands.

Finally, a standard normal variate transformation was per-

formed to normalize absolute spectral intensity (Fig. 4d).

A summary of the PLSR model relating Raman spectral

variance to C : O ratios of the CRGO sample set is pre-

sented in Fig. 5. For the same reasons discussed above, i.e.,

poor fit, the 48 h time point was omitted from the model.

The calibration and validation plots of the PLSR model are

shown in Fig. 5a, demonstrating a good fit between Raman

spectral variance and C : O ratios (validation r2
¼ 0.961;

RMSECV¼ 0.073). The loadings plot (Fig. 5b) demonstrated

that the model was largely derived from spectral variance

related to the G-band at 1600 cm�1. The increased G-band

intensity indicated an increase in the amount of double

bonds, relative to C–O groups, which is consistent with

an increase in p-character as CRGO samples are reduced

to more closely resemble graphene. The PLSR model based

on Raman spectral variance performed slightly worse that

the UV spectroscopy-derived model, but had the added

advantage of more straightforward sample presentation.

Attenuated Total Reflection Infrared Spectroscopy
for Determining Extent of Reduction in Chemically
Reduced Graphene Oxides

Spectral acquisition using ATR permitted rapid, nondestruc-

tive analyses of solid CRGO samples. Before modeling,

spectra were subjected to pre-processing. Broad spectral

features that did not contain molecular vibrational informa-

tion (Fig. 6a) were removed by performing a second deriva-

tive transformation of each spectrum (Fig. 6b). The spectral

Figure 2. Ultraviolet spectra of graphene oxide and graphene

oxides that have been chemically reduced by exposure to a

solution of 10 mg mL�1 L-ascorbic acid for 2–24 h.

Nalder et al. 5



Figure 4. Summary of spectral pre-processing of Raman spectra of chemically reduced graphene oxide samples showing (a) raw

spectral data, (b) spectra following second derivative transformation, (c) spectra following data reduction, and (d) spectra following

standard normal variate transformation.

Figure 3. Summary of PLSR model relating C : O ratios of chemically reduced graphene oxide samples to UV spectral variance in the

range of 200–400 nm. The (a) regression plots and (b) regression coefficient are shown.

6 Applied Spectroscopy 0(0)



Figure 6. Summary of spectral pre-processing of IR spectra of chemically reduced graphene oxide samples showing (a) raw spectral

data, (b) spectra following second derivative transformation, (c) spectra following data reduction, and (d) spectra following standard

normal variate transformation.

Figure 5. Summary of PLSR model relating C : O ratios of chemically reduced graphene oxide samples to Raman spectral variance in

the range of 1750–1150 cm�1. The (a) regression plots and (b) regression coefficient are shown.

Nalder et al. 7



ranges of 4000–3050 and 800–600 cm�1 containing no

vibrational bands were removed. The spectral range of

2700–1900 cm�1 was removed as it contained no vibra-

tional information, but contained a spectral artifact

caused by the ATR crystal (Fig. 6c). Finally, to compensate

for inter-sample variability in absolute spectral intensity,

which is caused by variable contact areas between samples

and the ATR crystal, spectra were normalized using a stand-

ard normal variate (SNV) transformation (Fig. 6d). These

processed spectra were modeled using PLSR analysis.

A summary of the PLSR model relating ATR-IR spectral

variance to C : O ratios is presented in Fig. 7. The calibra-

tion and validation plots (Fig. 7a) demonstrate a good

correlation between ATR-IR spectral variance and C : O

ratios by elemental analysis (validation r2
¼ 0.993;

RMSECV¼ 0.032). The regression factor loadings (Fig. 7b)

were much more complex than those in the UV and Raman

spectroscopy models, which made them difficult to inter-

pret. However, it was possible to interpret some of the

bands using the vibrational assignments in Table II. The

more reduced CRGO samples were associated with

greater peak intensities at 1628, 1587, and 1223 cm�1,

which are consistent with the energies of conjugated

C¼C stretching and aromatic ring stretches, respectively

(Table II). Infrared absorption intensity at 1223 cm�1 was

attributed to vinyl C–H bending modes (Table II). These

vibrational modes were all consistent with the increased

graphitic character of more highly reduced samples. The

regression factor loadings associated with more oxidized

CRGO samples were found at 1670, 1539, 1044, 1015,

and 880 cm�1 (Fig. 7b). Vibrational intensity at 1670 cm�1

was consistent with the energy of the insulated C¼C

stretching. The other vibrational bands at 880, 1015, and

1044 cm�1 were characteristic of bending modes asso-

ciated with epoxy, anhydride, and hydroxyl groups, respect-

ively (Table II). These vibrational modes are consistent with

increased GO-like character. The band at 1539 cm�1 could

not be satisfactorily assigned.

In summary, regression coefficient loadings for the IR

PLSR model (Fig. 7b) describe how increased reduction

times caused a decrease in vibrational intensity associated

with epoxy, anhydride, and hydroxyl groups, and an

increase in the vibrational intensity associated with conju-

gated double bonds and phenyl rings. These data are con-

sistent with a gradual increase in graphitic character with

increased exposure to L-AA solutions.3,14 While a large

number of previous investigations have used L-AA to

reduce graphene oxide, direct comparisons of their reduc-

tion levels (oxygen concentrations) with those in this study

are difficult to define. This is because the procedures used

for GO/CRGO synthesis differ in reagent concentrations

and ratios or reaction conditions to those used here.3,47–49

As these factors directly affect the rate at which oxygen

Figure 7. Summary of PLSR model relating C : O ratios of chemically reduced graphene oxide samples to IR spectral variance in the

ranges of 3050–2700 and 1800–800 cm�1. The (a) regression plots and (b) regression coefficient are shown.

Table II. Spectral assignment of infrared absorbance bands dis-

tinguishing graphene oxide (GO) from chemically reduced gra-

phene oxide (CRGO).

Wavenumber (cm�1) Band assignment Associated with

880 d (C–O–C) GO

1015 n (CO–O–OC) GO

1044 n (C–O) GO

1223 d (H–C¼C–H) CRGO

1539 Unknown GO

1587 n (C¼C) aromatic CRGO

1628 n (C¼C) conjugated CRGO

1670 n (C¼C) insulated GO

2700–3000 n (C–H) GO, CRGO

d, in-plane bending; n, stretching.

8 Applied Spectroscopy 0(0)



groups are reduced, the resulting concentrations can differ.

Further to this, the majority of published works do not

quantify C/O ratios of GO/CRGOs by elemental analysis.

Those that do have used surface elemental analysis such as

XPS or XRD.13,14 Also, with the exception of enzyme-

related studies,12,13,17 the reduction times reported in the

literature are generally for longer durations, many simply

comparing GO with reduced GO (presumably fully

reduced).3,49 While direct comparisons may be unclear,

the approach to quantifying the level of reduction is still

effective and to our knowledge this study is the first to

assess the level of reduction in repeated L-AA reductions

of GO, over a range of short and long time points.

The results from this work demonstrate that PLSR of

ATR-IR spectra can be used to facilitate rapid quantitative

measurements of the extent of oxidation in GO. The

method is simple and allows straightforward sample pres-

entation and nondestructive analysis. Furthermore, this

approach provided insight into the functional groups that

were present on the surface of GO, and with further refine-

ment, could potentially be used to investigate which oxygen

groups are most susceptible to reduction in L-AA solutions.

Conclusion

The methods described are suitable for rapid, nondestruc-

tive quantification of the amount of oxygen in GO/CRGO

samples. This makes them useful tools for process control

during CRGO production, especially for applications requir-

ing precise tuning of surface hydrophobicities. Ultraviolet,

Raman, and ATR-IR spectroscopy, in conjunction with

PLSR and elemental analysis, could all produce models that

were fit for purpose. The spectroscopic methods had differ-

ent advantages relating to sample presentation, speed, and

instrument availability. Attenuated total reflection IR analyses

offered the most detailed insight into the reduction of GO,

facilitating detection of diverse oxygen-containing groups in

the GO/CRGO samples. Our findings have shown that while

these methods are suitable for following the reduction of

GO into CRGOs, the processing of these data through che-

mometric models provides a powerful approach and affords

a more detailed analysis of spectral data derived from these

materials. Future work could include examining which

oxygen-containing functional groups reduce first, which

could facilitate finer tuning of CRGO surfaces.
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