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1CEITEC - Central European Institute of Technology, Masaryk University, Brno 625 00, Czech Republic
2Department of Biochemistry, Faculty of Science, Masaryk University, Brno 625 00, Czech Republic
3Department of Chemistry, Faculty of Science, Masaryk University, Brno 625 00, Czech Republic
4RECETOX - Research Centre for Toxic Compounds in the Environment, Faculty of Science, Masaryk University, Brno
625 00, Czech Republic
5Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb, Illinois 60115-2862, USA
6Brno University of Technology, Department of Electrical and Electronic Technology, Brno 616 00, Czech Republic

Graphene as a superior nanomaterial is currently omnipresent and electroanalytical applications are not an exception. In this
contribution, its suitability for such applications was critically assessed. We synthesized graphene oxide (GO) in five separate but
identical experiments using the improved Hummers’ method – well-known and extensively utilized procedure which is typically
followed by various operations leading to reduced graphene oxide material. These five repeated trials were precisely controlled to
keep the experimental conditions as identical as possible. The resulting five individual GO products were compared by means of
elemental analysis, Raman spectroscopy, ICP-MS and AFM. The possible employment of such graphene products - electrochemically
reduced GO - for electroanalytical purposes was also probed from the viewpoint of the reproducibility of modification of electrodes
and the results seem disconcerting, indicating poor reproducibility. No similar study in reproducibility has been performed until
now, since all previous reports always compared only different methods of preparation and only discrete experiments of preparation
– repeatability has not been properly addressed.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0171810jss]
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A flood of papers which describe almost universal utility of
graphene materials including graphene oxide have been appearing
since its first isolation in 2004. Diverse means of preparation and
derivatization (doping) are broadly reported as well. Graphene and its
related materials are being studied and employed for various applica-
tions and purposes ranging from energy storage and production, novel
composites, to healthcare and electronics.1 Extensive use for research
purposes is focusing also on electrochemical sensing and biosensing.
Herein, the graphene and mostly the graphene oxide (GO) are predom-
inantly utilized for enhancement of electron transfer and enlargement
of electroactive area of sensing electrodes; generally, for similar rea-
sons as other electroactive nanomaterials are being employed. But
why is graphene oxide so popular? The extraordinary popularity of
graphene materials will be analyzed in the following paragraphs.

Four main methods are being employed for preparation of graphene
oxide-based materials. The oldest one is typically known as the
Schafhaeutl’s method2 (based on sulfuric and nitric acids), followed
by the Brodie’s method3 (introduced potassium chlorate), the Stau-
denmaier’s “one-pot” method4 and finally the Hummers and Offeman
method.5 It can be said that other current methods are basically de-
rived from the above-mentioned ones. Probably the most significant
one is the procedure reported by Marcano and Tour as the ‘Improved
Hummers’ (IHM).6

Since functionalization of electrodes is still the crucial process for
electrochemical (bio)sensing, it is straightforward that the graphene
oxide is popular material also for this reason. Popularity of such
methods probably stems from the fact that graphite is very cheap and
abundant material and production of graphene with the IHM using
inexpensive reagents and unsophisticated instrumentation is simple
as well. The presence of various functional groups such as hydroxyl,
epoxide or carboxyl residues, which provide simple modification of
surfaces, also plays an important role. However, the output material
is still not uniform having wide distribution of shapes, forms and
dimensions, presence of defects and regions with reactive groups.
Such material seems not to be suitable for generation of well-defined
and well controlled processes for large-scale (industrial) modification
of electrodes. The repeatability of thus generated graphene materials is
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low, and the consequence is a poor control of the subsequent electrode
preparation processes.

Although the Hummers’ method and its improved variant are well
known, brief description will not be redundant; graphene sheets orig-
inally present in the graphite material are oxidized in a three-step
reaction (intercalation of acids into graphite material, transforma-
tion/oxidation into graphene oxide and penetration of water into the
lattice). These oxidized graphite layers contain various functional
groups such as hydroxyl, epoxide, carbonyl or carboxyl residues
which are responsible for exfoliation of the separated graphene oxide
sheets due to the steric and electro repulsive forces.7,8 These functional
groups are suitable for simple modifications of surfaces without any
demanding additional processes.9

In majority of scientific works, investigators usually develop novel
materials with described breath-taking abilities. Repeatability (if con-
sidered at all) for example in electrochemistry, is usually tested only
in the way that from a single batch of graphene material several elec-
trodes are prepared and characterized. Repetitive experiments, if in-
cluded at all, are performed only on the selected electrodes (typically
those exhibiting the best properties. . . ). However, the reproducibility
of the graphene preparation itself and reproducibility of the electrode
modification are usually neglected, although they are much more cru-
cial from the viewpoint of industrial applications.

Unfortunately, repeatability of the preparation of the material is
highly stochastic and random and the danger of fluctuations or in-
troducing diverse errors is extraordinarily high. This is not the case
just for morphological features of the GO but also for content of
the additives or impurities which are typically introduced not only
during preparation but also during purification and redispersion of
GO particles.1 Moreover, immobilization reactions and techniques for
modification of electrodes, which are necessary for electroanalytical
purposes, suffer from the same problems, too.

Here, we do not want to comment all possible ways of graphene
preparation and all possible applications of graphene-based materials
since one cannot span over all fields of expertise; we do want to com-
ment on the electrochemical (bio)sensing with the help of graphene
material prepared by oxidative exfoliation methods. However, other
fields of the graphene research and application can derive implicating
conclusions.

We do not intent to criticize general usage of the graphene for elec-
trochemistry, but we want to emphasize that authors should be aware
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that (reduced) GO is not the only ideal solution for all electrochemical
issues and that some unexpected and overwhelming properties of such
material can simply be an accident or random error from the expected
average behavior (which is definitely interesting for some scientific
research, but also the reproducibility and cost-effectiveness of that
novel approach should be taken into account and commented). Con-
trary, much more detailed characterization should be performed as this
material is truly very irreproducible and unpredictable. Each specific
application needs some specific form of characterization – contam-
inating substances interfering in one particular application may not
necessarily exhibit interferences or be even beneficial in other appli-
cation.

Experimental

Material and chemicals.—Graphite powder, 100 mesh (∼150 μm)
was obtained from Alfa Aesar (www.alfa.com). Hydrochloric acid,
phosphoric acid, potassium permanganate, ethanol, diethyl ether,
hydrogen peroxide and potassium chloride were purchased from
Penta (www.pentachemicals.eu) and sulfuric acid from Lach:ner
(www.lach-ner.com). Cysteamine hydrochloride was obtained from
Sigma-Aldrich (www.sigmaaldrich.com) and mica grade V-1 mus-
covite was purchased from SPI Supplies (www.2spi.com). Milli Q
water was used throughout the experiments.

Preparation of graphene oxide.—The samples of graphene oxide
were synthesized according to the Improved Hummers’ method by
Marcano et al.6 with some adjustments in acidity of the mixture,
temperature and timing.10 Briefly, the mixture of 96% sulfuric acid
and 85% phosphoric acid in 7:3 ratio (105/45 ml) was poured over the
mixture of graphite and potassium permanganate in 1:6 ratio (1/6 g).
The whole mixture was then stirred at 50◦C for 15 hours (controlled
by thermometer directly in the reaction mixture). The mixture was let
cool down to room temperature (2 h), poured over a mixture of ice and
hydrogen peroxide (200 g ice and 5 ml of 30% hydrogen peroxide) and
stirred. The color of the mixture changed into bright orange. Filtration
over a 300 μm sieve followed in order to remove bigger particles
(similarly to IHM); after centrifugation at 8 000 rpm for 10 min, the
remaining solid was washed with water (2x), 30% hydrochloric acid
(2x), ethanol (2x) and finally transferred into beaker, diluted in 200 ml
of diethyl ether and filtered through 0.2 μm Teflon filter under vacuum
and let dry overnight under vacuum.

Thus prepared GO was then dispersed in acidified water pH 3.0,
sonicated for 2 hours and centrifuged for 10 min at 6 000 rpm in or-
der to separate multi-layered particles. The remaining gold-brownish
solution was used for experiments and stored at 4◦C.

Elemental analysis.—Elemental analyses (C, H, and N) were per-
formed on the EA-1108 Analyzer (Fisons Instruments) at The Re-
gional Centre of Advanced Technologies and Materials, Palacký Uni-
versity Olomouc, Czech Republic.

Inductively coupled plasma – mass spectrometry (ICP-MS).—
Samples were analyzed by inductively coupled plasma mass spec-
trometry (Agilent 7700x ICP-MS, Agilent Technologies) after sample
decomposition in microwave digestion system (MWS3+, Berghof)
with concentrated HNO3, H2O2 and HCl (Merck, analytical grade
chemicals). Content of P, S, K, Ca, Na, Mg, Mn and Fe was quantified
by external calibration with correction on internal standards (6Li, 45Sc
and 72Ge). Semiquantitative analysis was also performed on samples
and content of other metals (more than 50 elements were measured)
was found below 20 μg/g.

Raman and FTIR spectroscopy.—Raman spectra were recorded
using the micro-Raman spectrometer Horiba Labram HR Evolu-
tion with the 532 nm laser as an excitation source. Samples were
analyzed in dry state on a microscope slide. FTIR measurements
were performed on the single beam FT spectrometer Bruker Ten-
sor 27 equipped by Diamond-ATR accessory device (spectral range

4000–400 cm–1, resolution 4 cm–1, 64 scans). All samples were mea-
sured as pure solids. Resulting spectra were processed and evaluated
in OPUS 7.2 software.

Atomic force microscopy (AFM).—AFM system Dimension
FastScan (Bruker) was used to evaluate topography of the prepared
graphene oxide. The FastScan-A probe (Bruker) with spring constant
18 N/m and resonance frequency of cantilever 1400 kHz was used
for the imaging. Samples were prepared as follows. The mica squares
(1.5 × 1.5 cm) were cleaned with a two-sided adhesive tape and
any remaining microparticles were removed by compressed air. A
drop (5 μl) of graphene oxide solution was deposited on the freshly
cleaned mica surface at room temperature. Scanning of the sample
was initiated after drying of the droplet on the mica surface in air.

Electrochemical measurements.—All electrochemical measure-
ments were carried out in 0.05 M phosphate buffer with 0.1 M
KCl, pH 7.4 at room temperature. Electrochemical measurements
were controlled using Autolab PGSTAT302N potentiostat/galvanostat
(Metrohm) in the standard 3-electrode set-up. rGO modified gold disk
(0.5 mm) embodied in glass was used as a working electrode. Plat-
inum wire and calomel electrode (3 M KCl) were used as the counter
and reference electrodes, respectively. The values of potentials are
always indicated vs. this reference. All solutions were purged with
nitrogen before measurement in order to prevent any oxygen interfer-
ence. Cyclic voltammetry (CV) experiments were performed with the
100 mV · s−1 scan rate in the range from −0.5 V to 0.8 V.

Modification of the electrodes by GO was performed as reported
previously.10 Briefly, the electrodes were polished to mirror-like fin-
ish using 0.3 and 0.05 μm alumina slurries and sonicated for 10 min
in ethanol in order to remove any remaining particles from polish-
ing. Electrodes were modified with cysteamine hydrochloride solu-
tion (20 mM, 2 h) and then transferred into a 0.5 mg · cm−3 solution
of GO (pH 3.0) and incubated for 4 h. After modification by GO, the
electrodes were electrochemically reduced using cyclic voltammetry.
Three scans were carried out in the range from 0.0 to −1.5 V, scan
rate 50 mV · s−1, 0.5 M KCl was used as an electrolyte.

Results and Discussion

Our main goal was to investigate the repeatability and reproducibil-
ity of the preparation of the graphene oxide (GO) using the improved
Hummers’ method and its subsequent immobilization onto the elec-
trodes to examine its utilization especially for electroanalytical pur-
poses. There were some comparative reports in the published litera-
ture, but always only comparison of several types of different synthetic
pathways were tested – i.e. different derivatives of the graphene are
synthesized only once, and their astonishing and novel properties are
studied, e. g. Refs. 11,12. No study has compared several graphene
materials prepared repeatedly using an identical synthetic route.

Here, five batches of GO were prepared and characterized us-
ing six different techniques – elemental analysis, inductively coupled
plasma mass spectrometry (ICP-MS), Raman spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), and atomic force microscopy
(AFM). Its electrochemical activity toward H2O2 was studied by cyclic
voltammetry. All the samples were prepared under strictly identical
conditions to limit possible errors and inconsistencies – all samples
were prepared using the same batch of reagents, time periods, and
temperatures. The concentrations were maintained with the highest
possible accuracy and work was done under the same laboratory con-
ditions.

Elemental analysis gave results which are summarized in
Table S1 (in Supporting Information). The contents of C, H, S el-
ements are comparable and similar throughout the prepared samples.
On the other side, the analysis with ICP-MS (Table I) revealed dra-
matic difference in the content of manganese and iron - quite important
components from the viewpoint of an electrochemist (other impurities
introduced throughout the synthetic process were comparable for all
trials). Even trace amounts of these metals can dramatically affect the
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Table I. ICP-MS analysis of five graphene oxide samples.

P S K Mn Fe Ca Na Mg
[mg/g] [mg/g] [mg/g] [μg/g] [μg/g] [μg/g] [μg/g] [μg/g]

F0 (graphite) < 0.002 0.07 < 0.003 0.02 < 1 < 0.4 < 0.8 < 0.1
F1 7.67 25.0 2.86 574 8 79 42.5 4.6
F2 6.84 25.9 2.67 428 1 161 26.8 4.5
F3 5.90 22.0 1.94 261 3 54 29.1 4.7
F4 5.92 21.9 2.45 204 2 60 26.0 4.0
F5 5.71 22.8 2.13 90 2 131 33.3 5.6

F3∗ (old) 3.70 14.7 1.07 379 7 756 46.8 29.3
F4∗ (old) 2.50 45.0 4.78 5090 6 253 66.4 4.3

Samples F1 – F5 were completely decomposed by concentrated acids and hydrogen peroxide in microwave digestion system however sample F0 did not
properly react under the proposed conditions, so rather the liquid extract of this material was analyzed.
∗Old samples from the previous study,10 where different initial graphite material was used, illustrate well that if one does not carefully pay attention to the
procedure of preparation (unlike in the current study), highly different resulting materials are obtained.

electrochemical behavior of the studied material; for example, dif-
ferent catalytic activity of oxygen reduction was observed for rGOs
with different distribution of Mn in its structure12 and Fe exhibits cat-
alytic activity in many diverse electrochemical processes. Differences,
which one might consider as negligible (e.g. in trace amounts of iron),
can have dramatic impact on the material performance. Moreover,
two GO materials described in our previous study were reanalyzed
using ICP-MS. Even higher difference in Mn content was observed
for these samples. This is important, as the experimental procedure
for the samples F3 (old) and F4 (old) was the same, however, the
uniformity of the parameters of the previous synthesis10 was not as
strictly controlled in comparison with the current study. The general
differences in the content of the chemical elements between the new
and old batch should be noted - the quality of the initial reagents (espe-
cially graphite) governs the quality of the resulting material, as well.
All these data confirm the enormous influence of all the conditions
during preparation.

Raman and FTIR spectroscopy.—Raman spectroscopy together
with FTIR are mostly used throughout the characterization of GO
materials. These exhibit characteristic maximum intensities if probed
by Raman spectroscopy: D band around 1360 cm−1; G band at about
1580 cm−1 and G’, typically referred as 2D band at 2700 cm−1. The
D band originates from the disordered carbon structure, and the G

band is related to the sp2 hybridized carbon atoms. The 2D band sig-
nificantly changes according to the quality of graphene and number
of its layers.13,14 In case of pristine graphene, the 2D band is very
sharp and symmetrical, but as the number of layers increases, the 2D
band becomes broader with a small shoulder oriented toward lower
wavenumbers and it also slowly shifts to higher wavenumbers.15 The
number of layers could be also derived from the ratio of band inten-
sities I2D to IG and their position and shape.13 The relative intensities
of D and G bands ID/IG can be also used for determination of number
of disruptions in the sample.

In Figure 1A, comparison of Raman spectra for all prepared ma-
terials is provided. The baseline was subtracted from the signal and
the data were normalized using height of the G peak. It is assumed
that the peaks D, G and 2D are characteristic for particular structural
properties13,16 or at least the ratio of these peaks should be the same for
the materials with the same properties. However, subtle differences in
the spectra could be noted in 2D region. The assumed comparability
of ratios of IG over I2D is not completely valid (Table II) which means
that different number of layers of graphene oxide and different struc-
tural defects are present among all samples. Moreover, the sample F1
exhibits a more apparent shoulder from 1000 to 1250 cm−1 compared
to the remaining samples (Figure 1A). Similar observations were ev-
ident from FTIR spectroscopy (Figure 1B). The absolute similarity is
questioned after detailed inspection of the results, see different inten-
sities of the particular bands (830, 1035 and 1224 cm−1). However,

Figure 1. Raman spectra of five GO samples F1-5 and initial graphite material C. Typical bands for GO were observed. Differences in number of graphene layers
are present (A). FTIR spectra of GO samples F1-5 and C – graphite used for the production of GO (B).
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Figure 2. AFM topographies of graphene oxide on mica surface. No regularity and random distribution ranging from nm to above μm dimensions has been
observed for all samples. (A) AFM scan of sample F5 performed in phosphate buffer confirming presence of sheets of rGO bound perpendicular to the electrode
surface. The sheet is nearly 50 nm high. The red arrows mark the place where the cross-section was made (inset).

no significant differences amongst the prepared GO samples were
visible even after careful comparison of the datasets in Figure 1; ma-
jority of differences were in the range of the usual stochastic error.
So, from the viewpoint of Raman spectroscopy and FTIR, prepared
GO samples were similar. This leads to the misgiving whether these
methods could be used for the characterization of GO materials solely
as elemental analysis found dramatic difference in the distribution
of particular metals and different electroactivity upon immobilization
of these GOs onto the electrode surface was observed (see further
Electrochemical comparison section).

Atomic force microscopy (AFM).—AFM revealed quite random
and wide range of structures of graphene oxide from tiny chips to
wide micrometer-sized sheets and, what is the most important, with-
out any regularity (Figure 2), for more AFM examples see Supp. Inf.
As the GO sheets produced by IHM are oxidized predominantly on
the exposed edge sites, it was anticipated10 that shorter GO sheets
could be possibly “standing” on the electrode surface in a perpendic-
ular orientation with regards to its surface. This has been confirmed
on dry samples and even in an aqueous buffer solution (Figure 2A
and Supp. Inf.). Herein, the electrode was activated for the graphene
immobilization with cysteamine providing amine groups. Epoxy and
aldehyde groups were expected to interact with the amine-modified
surface of the electrode and afterwards GO was electrochemically re-

Table II. Ratios of characteristic peaks from Raman spectra.

ID/IG IG/I2D

F1 1.03 11.9
F2 1.05 13.3
F3 1.08 14.8
F4 0.97 18.8
F5 0.99 11.7

Graphite - 3.4

duced. Perpendicular sheets of graphene sticking out of the electrode
surface to the solution were present and visualized.

Only short rGO sheets can be bound in the perpendicular manner.
Wide rGO sheets will probably collapse onto the electrode surface
and will be bound in parallel orientation insulating thus much bigger
areas of the electrode (the “insulating” properties of the parallel sheets
compared to perpendicular sheets of rGO were discussed previously10

and will be mentioned in the next section).

Electrochemical comparison.—Five electrodes were simultane-
ously modified with five different GO materials, one selected GO
material was immobilized repeatedly onto two more electrodes and
electrochemical behavior was probed. The immobilization proce-
dure included electrochemical reduction of GOs thus giving reduced
graphene oxide (rGO) on the surface of the electrode. The subsequent
electrochemical experiment was performed in a manner that each elec-
trode was inserted in the solution of H2O2 and cyclic voltammetry was
measured. Although analogous shape of the CVs as in the previous
study10 was observed and this shape was similar for all electrodes with
different rGOs samples (Figure 3A), differences among measured data
can be noticed after closer inspection (Figure 3B).

Difference of potential of oxidative peak between samples F5b
and F3, 4 is more than 80 mV which can be hardly ascribed to the
“intra-measurement” error, marked by arrows in Figure 3B. (The
small spikes are ascribed to the presence of a trace amount of Ag
on the surface of the electrodes. This will be addressed in the near
future in a manuscript which is under preparation). Furthermore, the
shape is not absolutely identical – two oxidative peaks are overlap-
ping for F3 sample (marked as a and b in Figure 3B). The shape of
reduction of H2O2 differs, too. The most similar are the F4 and F5a
samples.

Even such small differences observed for the “same” rGO mate-
rials are usually considered in the literature as a proof of different
doping, modification or any other “successful” functional manip-
ulation with graphene oxide molecules.17,18 However, in our case
these results originated from the same rGO samples which were
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Figure 3. Cyclic voltammetry of six electrodes which were modified with F1-F5 samples of GO. Sample F5 was deposited for two-times (A). Zoomed view of the
same experiment to visualize the differences in the oxidation region. Oxidative peaks of F3 (48 mV) and F5b (−33 mV) are marked by arrows. Two overlapping
peaks in F3 are marked by a and b below the corresponding curve (B).

synthesized upon the identical conditions and thus should give five
identical outputs.

In the following experiments, three separate electrodes were iden-
tically modified with F5 rGO sample (Figure S2). However, it was
successful only in two cases, which is not attractive from the view
point of its possible utilization for biosensing purposes. It should be
also stated, that the procedure and number of repetitions of modifica-
tion was chosen according to the most common (and most frequently
published) ways for modification of electrodes. Nevertheless, oxida-
tive peaks of H2O2 of electrodes modified with samples F5a and F5b
differed in almost 30 mV. The differences in the experiment where
rGO F5 sample was modified for three repeated times is not negligible
leading to the conclusion that also the electrode modification process
is random and influenced by many unknown factors controllable with
difficulties.

Again, it must be noted that the stochastic processes present
throughout the whole method of the GO synthesis are also present
during the modification of electrodes. As it was documented by AFM,
a whole range of various rGO sheets is bound on the electrode surface.
Some of the sheets immobilized perpendicularly, some of them were
parallel with respect to the electrode surface. As the sheets are of
different dimensions and shapes, one can expect that also the different
parts of electrode will be covered differently, i. e. in a random man-
ner. If the electrode is big enough, the randomity of these processes
(different coverage with different rGOs in different positions) will be
averaged. However, if the electrode dimensions will be decreased to
e.g. a microelectrode – the size of sheets will become comparable to
dimensions of electrodes, then the manner of the rGO immobiliza-
tion – in parallel or in perpendicular - will dramatically affect the
resulting electrode performance. The sheets bound in parallel will
“insulate” the surface and decrease the electrochemically active area
of the electrode, compared to perpendicular sheets (faradaic elec-
trochemical reactions occur on the edges and defect sites as it was
previously demonstrated19,20 and discussed;10 term insulation is here
understood as being less reactive compared to the basal material of the
metal electrode or compared to the perpendicular sheets with edges
and defects exposed to the solution). Such thought experiment can be
lead to its final extreme – imagine that there is only one dimension of
rGO sheets, the electrode is of the same dimensions as these sheets.
The rGO sheets can be bound in two manners – first, one sheet in par-
allel, covering thus the whole electrode and second, bunch of sheets
bound in perpendicular manner, in stack. These two electrodes would
perform entirely differently – their activity could be comparable to
the response of edge plane and basal plane graphite electrodes (for

illustration see Figure S3, as can be expected edge plane graphite
performs much better than the basal plane electrode).

Graphene can be bound by the reactive edges and let stand erected
perpendicularly to the surface of the electrode (confirmed by AFM
measurement in the phosphate buffer) and at this point such electrode
would perform really well. However, usage of edge plane19,21 graphite
electrodes seems much more controllable and simpler.

If one still wants to use the IHM method for the production of
GO, there should be a possibility to separate small flakes using e.g.
ultracentrifugation, but in that case the costs of the synthetic process
would increase and then the cost-effectiveness and simplicity of these
procedures would be lost. Furthermore, the underlying material of
the electrode has much higher effect on the electrochemical behavior
regardless of the orientation of the rGO sheets – the underlying mate-
rial governs the shape of the measured signal. This phenomenon has
already been observed previously10 and is apparent also here in the
experiments with H2O2 (compare the signals Au and glassy carbon
electrodes modified with rGO, see Figs. 3 and 4 in Ref. 10).

It is clearly difficult to make any reasonable conclusions from one
separate synthesis of graphene oxide in the light of presented data
where even absolutely controlled repeated uniform procedure gave
different results. So, we do not only emphasize the previously stressed
necessity of characterization of resulting graphene materials21 - much
higher stress should be given on repetitive preparation (synthesis of
more than one batch of particular material) for possibility of averag-
ing and generalization of the observed properties. It should also be
mentioned and emphasized here that the value of the scientific result
which nobody can reproduce (not even the originators/inventors of
the idea) is low.

Conclusions

The main objective of this contribution was to compare five iden-
tical preparations of graphene oxide material done with the IHM.
The production processes were thoroughly controlled to reach the
most similar and thus comparable products. The resulting materi-
als were characterized using elemental analysis, ICP-MS, Raman
spectroscopy, FTIR, and AFM. Although FTIR and Raman spec-
troscopy did not find any significant irregularities, severe devia-
tions and heterogeneities among all prepared graphene materials
were described. These included, for example, different distribution
of Mn and Fe elements and wide range of dimensions of graphene
sheet. All these deviations severely affected the planned subsequent
utilization – electrochemical analysis with rGO modified electrodes.
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In that case, different electrochemical behavior of such electrodes was
observed.

One can oppose that there are not so big differences in the pre-
sented data, however the experiments were designed so that all the
procedures would be maximally uniform (same). And if such differ-
ences were observed upon optimal experimental conditions, one can
simply ask what happens for different procedures and graphene prepa-
rations and during not so strictly controlled conditions. Another issue
could be seen in that higher number of and more complex analyses
should be performed (XPS, information on the chemical states of each
element) and more significant statistical data should be provided to
establish a robust conclusion. However, such work would be much
more demanding, and our intent was not to reveal any reasons for
poor reproducibility, this is far beyond the scope of this report. Our
intent was predominantly to provoke scientists working in the field to
think about the reliability, usefulness and applicability of the newly
developed materials.

Graphene oxide was for many times reported as a material with
unique properties, but usually these unique properties are not inherent
for GO itself but rather the property imparted by the dopant(s). And
then, GO serves only as an inert matrix for this doping (or underlying)
material. Thus, much higher endeavor should be devoted to the re-
producible preparation of graphene materials than thousands of more
or less possible applications. Without any principal breakthrough in
the area of GO production (in reproducible way), it is not possible to
utilize GOs in a more consistent and practical way. Also, without any
method for purification or mass production of well-defined graphene
structures, the production processes based on random exfoliation of
graphite will not result in reasonable applications. It is possible that
even graphene prepared in this way would exhibit extraordinary per-
formance, however, there is minimal chance of successful repetition
of the final material. If there should be some reasonable application
in sensor technology, the robust method for mass production of the
defined materials must be introduced.

If the production and manipulation are highly controlled and per-
formed under accurate and defined conditions, then graphene can
undoubtedly be very useful material for a slew of applications22 not
affected by whim of chemistry. The widely used IHM method for the
generation of graphene materials is not very suitable for electroana-
lytical purposes or at least without any purification steps.
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