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Experimental review: Chemical reduction of graphene oxide (GO)
to reduced graphene oxide (rGO) by aqueous chemistry

L. G. Guex,” B. Sacchi,” K. F. Peuvot,® R. L. Andersson,? A. M. Pourrahimi, V. Strém,° S. Farris,® and
R.T. Olsson ™t

The electrical conductivity of reduced graphene oxide (rGO) obtained from graphene oxide (GO) using sodium borohydride
(NaBH,) as a reducing agent has been investigated as a function of time (2 min to 24 h) and temperature (20°C to 80°C).
Using 300 mM aqueous solution of NaBH, at 80°C, reduction of GO occurred to a large extent during the first 10 min,
which yielded a conductivity increase of 5 orders of magnitude to 10 S/m. During the residual 1400 min of reaction, the
reduction rate decreased significantly, eventually resulting in a rGO conductivity of 1500 S/m. High resolution XPS
measurements showed that C/O increased from 2.2 for the GO, to 6.9 for the rGO at the longest reaction times, due to the
oxygen elimination. The steep increase in conductivity recorded during the first 8-12 min of reaction was mainly due to
the reduction of C-O (e.g., hydroxyl and epoxy) groups, suggesting the preferential attack of the reducing agent on C-O
rather than C=0 groups. In addition, the specular variation of the percentage content of C-O bond functionalities with the
sum of Csp2 and Csp3 indicated that the reduction of epoxy or hydroxyl groups had a greater impact on the restoration of
the conductive nature of the graphite structure in rGO. These findings were reflected in the dramatic change in structural
stability of the rGO nanofoams produced by freeze-drying. The reduction protocol in this study allowed to achieve the
highest conductivity values reported so far for aqueous reduction of graphene oxide mediated by sodium borohydride.
The 4-probe sheet resistivity approach used to measure the electrical conductivity is also for the first time presented in

detail for filtrate sheet assemblies’ of stacked GO/rGO sheets.

Introduction

A growing area of science is the use of reduced graphene
oxide (rGO) in different polymeric materials." The interest
stems from the possibility to prepare conductive composites
with tailored electrical characteristics, possibly also making use
of the inherent high mechanical properties related to strong
and stiff spz-hybridized sheets of interconnected carbon
atoms.”” At the same time, most of the articles concerning the
applied use of rGO relies on the Hummers method, which
serves to exfoliate sheets of graphene oxide (GO) from
graphite.6 The method presents a robust laboratory route to
the raw material and is beneficial due to the natural dispersion
of the sheets that results from the introduced surface polarity,
which in turn serves to facilitate separation of the sheets in
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aqueous media. The structure of the GO is assumed to be a
network of spz—hybridized —C-C— atoms, with a considerable
amount of sp3 C-O bonds (up to 55 %) from oxygen in the form
of carboxyl, hydroxyl or epoxy groups.7 However, the polar
oxygen units not only bring positive consequences in terms of
a facilitated aqueous dispersion, but also a downside with a
very substantial decrease in sheet conductivity. Efficient
removal of these oxygen species for the preparation of
reduced graphene oxide (rGO) is therefore important for any
application concerning non-linear and linear conductive
polymer nanocomposites.s'11

An increasing carbon to oxygen ratio in the sheets should in
theory result in higher conductivity, however, for similar C/O
ratios of ca. 7, the reported conductivities range from 45 to
15 000 S/m.12 Also, conductivity values for different reduction
protocols not only vary enormously depending on the used
reducing agent (10'1 to 10° S/m), but also for rather similar
reduction routes, e.g. using NaBH, from 107 to 10 S/m.**
This situation complicates any prediction of the conductivities
for rGO composite material formulations, and affects the
reliability of any theoretical model or simulation.” However,
since the electrical conductivity of a rGO-based substrate is
also dependent on geometrical aspects like sheet orientation

J. Name., 2013, 00, 1-3 | 1
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and percolation effects, the gross diversity of reported
conductivities is not surprising.

This article aims to describe thoroughly the morphological
changes and how the electrical conductivity develops with
time by reducing GO into rGO. The reducing agent was sodium
borohydride (NaBH,) and the reduction was initially performed
at different temperatures. The development of electrical
conductivity with increased reduction time is also investigated
by Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS), monitoring the increasing conductivity with a decreasing
amount of C-O bonds (e.g. epoxy/hydroxyl groups). This
correlation between the decreasing presence of C-O bonds
and degree of reduction is further supported by a dramatic
loss of mechanical integrity of freeze-dried nanofoams of the
rGO. Finally, it is demonstrated that the provided reduction
protocol results in rGO sheets with more than 1 order of
magnitude higher conductivity than previously reported for
aqueous reduction routes of GO using sodium borohydride
(NaBH,). The electrical properties obtained by 4-probe sheet
resistivity measurements are presented in depth and discussed
in relation to the nature of filtrate sheet assemblies of stacked
GO/rGO sheets used as a substrate for the measurements.

Experimental
Materials

Graphene oxide was purchased as an agueous suspension with
a 0.5 wt.% solid GO content (N002-PS-0.5), from Angstrom
Materials in Dayton (USA). The confirmed average lateral x/y
dimensions were ca. 500 nm (TEM) and the thickness 1-1.2 nm
(according to the manufacturers’ AFM measurements).
Reagent grade sodium borohydride (NaBH,;) was used as
obtained from Sigma-Aldrich. Sodium hydroxide (NaOH), and
ca. 30% ammonium hydroxide solution were purchased from
Fluka and used as alkaline buffer solution to prevent aqueous
depletion (hydrolysis) of the NaBH4.16 The chemicals were all
of analytical reagent grade or equivalent and they were used
as received without further purification.

LNl L W

Fig. 1 The micrograph shows the pristine graphene oxide obtained from the Angstrom

laboratories, after freeze-drying 2 mL directly post quenching in liquid nitrogen.

This journal is © The Royal Society of Chemistry 20xx

Methods and Characterisation

Procedure for chemical reduction:

A 12 mL master solution was prepared using 7.67 mL of Milli-Q
water, 4.33 mL of a 10 vol.% saturated NaOH buffer solution
and 227 mg of NaBH, reducing agent. The chemical reduction
was conducted under magnetic stirring, using 1.2 mL of the
master solution and 0.8 mL of graphene oxide solution in
sealed glass vials placed in aluminium blocks on a Pierce
Reacti-Therm |ll heating/stirring module. After the desired
reaction time (2 min to 24 h), the samples were transferred
into 2 mL Eppendorf tubes and immediately cooled in an ice-
bath, centrifuged at 13400 rpm for 30 minutes after which the
water was replaced. This operation was repeated three times
in order eliminate residual ions from the salts from the 4 mg
rGO prepared in each vial. The same protocol was evaluated at
20, 40, 60 and 80 °C.

Procedure for filtration and film substrate preparation:

The filtration was carried out by a vacuum pump, using
polycarbonate (PC) filter holders for the 25 mm diameter PC
filters with pore channels of 0.8 um, and cellulose pads as
support for the PC filters. The prepared GO/rGO suspensions
were filtered through the PC filters as evenly as possible and
were finally air dried at 23 °C, under ambient pressure, before
the electrical measurement at 45% relative humidity. The
obtained GO/rGO sheet assembly (film) had a diameter of 21.8
mm and a thickness of 6 £ 2 um. The PC filters with 0.015, 0.2,
0.8 and 3 um channels were purchased from Whatman as
Nuclepore as Track-etch membranes.

Procedure for rGO nanofoam preparation:

The rGO nanofoams formation was evaluated from identical
samples as used for the preparation of the filtrate films, but
with the difference that the samples prepared for filtration
were rapidly frozen in liquid nitrogen and subsequently freeze-
dried, using a CoolSafe freeze drier (ScanVac) operating at
0.060 hPa and -96°C for 48 hours.

Electrical measurements:

The electrical characterization of the samples was carried out
on the GO/rGO sheet assembly (film) obtained on the 0.8-um
PC filters, with particular attention to the samples’ geometry in
order to get reproducible values. These vacuum filtrated rGO
substrates were found to be ideal with a uniform thickness and
with the flakes aligned parallel to the surface of the film, i.e.
parallel to the current. The sheet resistance of each film was
measured with a 4-wire collinear probe with 5 mm probe
spacing, connected to a Keithley 2450 SourceMeter. This
allowed for an average of several confirmative measurements
on each film simply by moving the probe to different locations
(at least 5). A geometrical correction factor of 3.36 was used to
compensate for finite sheet sizes, i.e. the film diameter was 5
times the contact distance and the thickness was much less
than the probe spacing (a correction factor of rt/In(2) = 4.53 is
normally used for “infinitely” large and thin films).”’18 The
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outer contacts carried the probing current into and out of the
sample, and the two inner contacts enabled the determination
of the voltage drop (removing the influence of contact
resistance on the measurement). The measured sheet
resistance was combined with the measured thicknesses of the
films in order to calculate the volumetric conductivity.

Microscopy:

A field emission scanning electron microscope (FE-SEM),
Hitachi S-4800, was used for GO/rGO sample sheet imaging.
The samples were peeled off from the polycarbonate filter
support and mounted at an angle towards the electron source,
or placed directly on the sample holder carbon tape as freeze-
dried nanostructured foams. The pristine GO and the 2 and 8
min rGO samples were sputtered with Pt/Pd (60/40) (under
Argon) for 20 s at a current of 80 mA.

X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy:

XPS measurements were performed in an M-Probe instrument
(Surface Science Instruments, USA) equipped with a
monochromatic Al Koo source (1486.6 eV) with a spot size of
200 um x 750 pm and a pass energy of 25 eV, providing a
resolution of 0.74 eV. The energy scale was calibrated with
reference to the 4f;/, level of a freshly evaporated gold sample,
at 84.0 + 0.1 eV, and with reference to the 2p5/, and 3s levels
of copper at 932.47 £ 0.1 and 122.39 + 0.15 eV, respectively.
With a monochromatic source, an electron flood gun was used
to compensate for the build-up of positive charge on the
insulating samples during the analyses: a value of 10 eV was
selected for these samples to be measured. For all the samples
(pristine GO and rGO after 2, 4, 8, 16, 32, 64, 128, 192, and
1440 min of reduction treatment), the aliphatic carbon C 1s
peak level was taken as an internal reference at 284.6 eV.
Wide-scan XPS survey spectra were used to gather information
on the surface atomic composition of pristine GO samples and
rGO samples. High-resolution spectra of Cls were used to
determine the carbon functionalities of GO and rGO. ESCA
Hawk v 1.01 software was used to perform curve fitting and to
calculate the atomic concentrations. Raman spectra were
recorded at ambient temperature with an inVia confocal
Raman spectrometer (Renishaw, Wotton-under-Edge, UK) with
an Ar-ion laser at an excitation wavelength of 514.5 nm.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Nanosdale

Results and discussion
A method for reproducible electrical measurements

Figure 2 shows the outcome of 4 different attempts to
form a solid film of reduced graphene oxide (rGO) for proper
4-point probe electrical measurements.

Fig. 2 shows examples of (a-b) non-uniform deposition and excessive phase separation
before extraction of the aqueous phase, (c) even deposition but partial phase
separation, and (d) the results of the sequential and even deposition of the GO/rGO
aqueous suspension. Every filter contains 4 mg of sample.

The film uniformity varied and depended not only on the
nature of support film used for deposition of the sheets but
also on the degree of reduction of the rGO. From several
attempts of filtration it could be concluded that a uniform film
formation of the pristine GO frequently did not form. Instead,
the GO as well as the partially reduced rGO flocculated in the
water phase and resulted in a leopard-like pattern of small
separated GO/rGO domains on drying, so the conductivity
determinations were unreliable and of little use. The patterns
visible in Fig. 2 a-c was attributed to aggregation and
flocculation of the anisotropic shaped nanoparticles in the
aqueous suspensions.'*?°

The key to obtaining a coherent and uniform film (see
Fig. 2d) was to deposit the solution in a sequential manner of
ca. 200 pL droplets with intermediate vortex shaking, allowing
the GO/rGO to stabilize as an even deposit before applying
additional droplets in combination with vacuum assisted
filtration. Figure 3a shows the cross-sectional view of the
reduced GO sheets (Fig 2d) stacked as overlapping sheets in a
film that could be peeled off from the support filter. Fig. 3c
shows an illustration of the filtration set-up used for preparing
the wuniform stacked sheet films. A partially polar
polycarbonate (PC) filter was found to provide a good balance
in filter hydrophobicity, compared to using hydrophilic
cellulose filters or more hydrophobic filters such as Teflon
(polytetrafluoroethylene, PTFE) filters. This was due to the
nature of the PC filter, allowing a uniform film formation over
the entire range of different surface polarities of the GO/rGO
sheets that were obtained after different times of reduction,

This journal is © The Royal Society of Chemistry 20xx

i.e. with decreasing presence of oxygen (see section 3). The
vacuume-assisted filtration method further relied on enforcing
the water phase through the 0.8 um PC filter channels at 0.8
bar relative pressure, resulting in the sheets deposited as in-
plane oriented flakes parallel to the filter surface (Fig. 3b and
3c inset). Finer filters with smaller channels (0.015 and 0.2 um)
did not allow the water passage within reasonable filtration
times (<1 h) and required sometimes more than 6 hours for
complete filtration, or the GO/rGO suspension tended to pass
over the rim of the filter rather than via the filter channels. The
use of filters with 3 um channels did not allow for all the
GO/rGO material to be retained on the filter surface and the
filtrate contained extensive amounts of GO/rGO material.

PC top holder

PC Filter 0.8um

Cellulose pad

PC bottom holder

Fig. 3. (a) shows that the thickness of the obtained filter GO/rGO sheet assembly (film)
using the vacuum-assisted filtration was 6+2 um. (b) shows that the filter sheet
assemblies’ are consisting of overlapping GO/rGO sheets. (c) shows the used filtration
set-up operated at 0.8 bar

Fig. 4 emphasizes the importance of using an adequate
filtration technique for the preparation of substrates aimed for
electrical measurements. The conductance decreased ca. 1
order of magnitude only as a result of replacing the above
vacuume-assisted filtration with evaporation of the water phase
overnight in a 0% R.H. desiccator. It is noteworthy that the
same mass of GO/rGO was used for the preparation of all the
films in Fig 4. Further, the difference in conductance for
identically reduced GO was explored by freeze-drying the
water-suspended rGO into a porous powder for the
preparation of compressed film substrates. The conductance
decreased an additional ca. 1000 times for the freeze-dried
material, i.e. compare measurements above 40 °C, Fig. 4. The
explanation to the different conductance for the identically
reduced GO was accordingly only related to the compactness
of the prepared substrates. The inset in Fig. 4 illustrates how
the difference in the conductance between the differently
prepared substrates can be explained from an electrical
perspective. A slow evaporation of the aqueous phase during
extended time resulted in films that were to greater extent
affected by rGO phase segregation during the evaporation, e.g.
a more porous filter sheet assembly formed with fewer

J. Name., 2013, 00, 1-3 | 4
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electrical contact points between the sheets. The freeze-drying
resulted in an even more loosely packed rGO sheet assembly.
On the contrary, substrates obtained via the vacuum-assisted
filtration constituted more of a continuous electrical entity and
thus result in conductance values more representative for the
individual sheets. However, in none of the cases the sheets can
be presumed to be in perfect and full electrical contact and
thus suffer from a substantial flake-to-flake resistance. An
increase in conductance with compaction of non-oriented
graphene sheets assemblies was previously reported by
Marinho et al., i.e. demonstrating increasing conductance with
increasing number of contact points for dry graphene.21

margins

ARTICLE

Conductivity increase with time for NaBH, as reducing agent

Figure 5 shows the conductivity for a sequence of
separately prepared GO samples reduced for increasing times,
using the same amount of 300 mM NaBH, reducing agent for
the 4 mg GO content in each sample (80 °C). It is notable that
the dominant part of the reduction of the GO occurred within
the first 10-15 min (Fig 5). After 20 minutes, the reduction
progressed at a considerably slower rate until a conductivity of
ca. 1500 S/m was reached.

& ]
- 3
[ 3
Y E
I F
£ 1
1% 3
> 3
2 3
] ]
v o
Vac. Filtration
107 4 / //' A Evaporation o
£ i ® Freeze Dried ]
10 G

10"°4 E

10" T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 4. The markers represent conductance values for samples prepared individually at
20, 40, 60 and 80 °C, after 3 repetitive water cleaning cycles followed by film formation.
Black markers (square) show the effect of the vacuum assisted filtration technique for
preparation of a more compact film, blue markers (triangle) show the results for
ambient condition evaporation over 24 h, and red markers (circles) show the
conductance obtained for GO/rGO as a freeze dried powder prepared into a film.
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Fig. 5 Red (steeper) line shows the increase in conductivity with reduction time during

the first 16 minutes, blue line shows the smaller increase in conductivity with time after

ca. 20 minutes of reaction. The conductivity was calculated from the measured

conductance and the average thickness of the samples of 6.0 um (Fig. 3a).

From Fig. 4 it is also apparent that a reduction carried out at
> 60 °C was favourable for the preparation of more conductive
samples, showing 4—6 orders of magnitude higher
conductance after 2 hours of reduction. All the subsequent
measurements were therefore conducted on samples
prepared using the vacuume-assisted filtration, and a time
optimization of the experimental reduction protocol was
carried out at a reaction temperature of 80°C. Until now all the
numbers for the electrical conductivity have been given as
conductance (S| unit is Siemens, S), for a given amount of
material, enabling comparisons related solely to the
orientation and compactness of the sheets after the film
formation. With vacuum-assisted filtration, reproducible
thicknesses and in-plane GO/rGO orientations are obtained,
motivating that the results are reported as calculated volume
conductivity (S/m), which facilitates comparisons with
literature values. The densities of the sheet assemblies were
derived as 1.78 + 0.67 g/cm3 from the 21.8 mm diameter of
the sheet assembly with a cross-sectional thickness of 6 + 2 um
(Fig. 2d and 3a), consisting of 4 mg of GO/rGO material. The
value reflects that even if highly reproducible samples could be
obtained, the samples were still porous (as can be seen from

Fig. 3a). The crystal density of graphite is 2.26 g/cms.22

This journal is © The Royal Society of Chemistry 20xx

This two-phase electrical conductivity vs. time evolution was
very distinct, and corresponded to a conductivity increase of 5
orders of magnitude in the time frame from 0 to 16 min (red
line), whereas after 16 min the conductivity increased more
moderately by an additional two orders of magnitude in a time
frame of ca. 1400 min (24 h, blue line). Table 1 shows that the
rGO reduction route resulted in the highest conductivity values
reported so far for aqueous reduction of graphene oxide, using
sodium borohydride.

Table 1. Conductivities of reduced graphene oxide (rGO); time and temperature
for reduction, from previous articles. The conductivity for graphite refers to the
in-plane direction (perpendicular to the c-axis).?? This work’s data were obtained
at 45 % R.H. (23 °C). The *-value refers to the conductivity of the same GO sample
measured after storing in a sealed desiccator for 12 h (23 °C).?*?*

Material Reducing  Temp Time Conductivity [Ref]
agent (°C) (min) (S/m)

rGO NaBH, 95 45/15 1.55/0.26 13
rGO NaBH, 80 60 17 46
rGO NaBH,4 N/A 120 45 47
rGO NaBH,4 80 60 82.3 14
rGO NaBH,4 80 1440 1500 This work
GO - - - 0.00030, 8E-6* This work

Graphite - - - ~300 000 22
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Fig. 6. The photograph shows the loss of structural integrity for freeze-dried graphene oxide with increasing times of reduction. After 16 minutes the ability to form foams by
freeze-drying has been completely lost. All samples were dried in the same container and all samples contained 4 mg of GO/rGO. The background is a 5mm square grid.

Considering the importance of a controlled consolidation of
the probed sheets in combination with a reliable conductivity
determination we argue that much of the variation found in
Table 1 might be due to preparation and measuring
techniques. This may in fact even explain why a higher carbon
to oxygen ratio shows lower conductivity than expected for
equal presence of oxygen after almost identical reductions.™?
An additional or alternative explanation accounts for humidity
and possible contaminations present on the GO/rGO or
graphene sheets prior to the preparation of the dry electrical
substrate. These ions may originate from the used reducing
agent (i.e. Na” in this work), but also from the NaOH salt used
for the preparation of the alkaline medium used to prevent
dissociation reactions of the borohydride.16 A MilliQ water
exchange for a minimum of three times, with intermediate
ultra-sonication treatment was previously reported as a useful
approach to obtain ZnO nanoparticles with significantly
reduced presence of counter ions and other contaminations.”

Impact on nanofoam morphology from degree of reduction

The picture in Fig. 6 shows the changes from a light brown
pristine GO into a pitch black partially reduced GO already
after 2 minutes of reaction. Fig. 6 also demonstrates that the
pristine GO shows a capability to stabilize a foam structure
with virtually no shrinkage during freeze-drying. As the
reduction progressed this feature disappeared. The 2 and 4
min samples shrunk ca. 50-60 % in volume while still
maintaining sufficient structural integrity to be lifted with
tweezers. The 8 min sample could not be held by tweezers
without falling apart. After 16 min reaction, the foam had
collapsed already at the stage of removal of the samples from
the freeze dryer. All tubes contained ca. 4 mg GO/rGO at the
moment of freezing in liquid nitrogen, and were dried in the
same freeze-dryer container. It is suggested that the primary
reason for the disappearance of the foam structure was
related to the removal of the oxygen from the surface of the
rGO/GO. Table 2 shows that the ratio of carbon to oxygen
increased from 2.2 to 6.9 C/O due to the reductions of the GO,
and although small morphology changes occurred (see
morphology section), the most substantial changes within the
samples were related to the elimination of surface located
oxygen atoms. The elimination of oxygen also manifested itself

This journal is © The Royal Society of Chemistry 20xx

in terms of dispersion/aggregation of the suspended GO/rGO
sheets before drying. The partially reduced GO sheets
obtained within the first 8 min required more than 15 minutes
to filtrate into solid sheets, whereas the entire filtration
procedure was over in only a couple of seconds for GO
reduced 16 minutes or longer. In summary, at the knee in Fig.
5, the ability to form nanofoams was lost at the same time as
the filtration into a film occurred more than 1000 times faster,
i.e. within a few seconds.

Reduction outcome in terms of elimination of surface oxygen

Carbon, oxygen, and sodium elemental percentage
proportions calculated from the wide-scan XPS spectra of GO
and rGO samples are shown in Table 2, together with the
carbon/oxygen ratio. The elemental composition of the
pristine GO included carbon and oxygen at an atomic
percentage of 68.69 and 31.31 at%, respectively, which is in

line with recent literature data.”®*’

Table 2. Elemental surface analysis (atom.%) and C/O atomic ratio of graphene
oxide (GO) and chemically reduced GO (rGO) at different reaction times
determined by XPS.

Reduction (min) C [¢] Na Cc/0
GO (0 min) 68.69 31.31 - 2.19
2 72.02 23.85 4.13 3.02

4 75.18 21.06 3.76 3.57

8 78.35 18.28 3.37 4.29

16 80.52 16.57 291 4.86

32 82.66 14.89 2.45 5.55

64 83.95 13.77 2.28 6.10
128 85.24 12.67 2.09 6.73
192 85.61 12.35 2.04 6.93
1440 84.80 12.35 2.85 6.87

The relative amount of oxygen decreased while the amount of
carbon increased with reduction time, with the concurrent
presence of sodium arising from the reagents used during the
reaction, see Fig 7. Overall, the reduction resulted in an
increase in the C/O value from 2.2 for the pristine GO to 6.9
for the longer reaction times, as can also be seen from the

J. Name., 2013, 00, 1-3 | 6
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Fig. 7. (a) XPS data. Evolution of C/O ratio as a function of the reaction time for

reduction of GO by NaBH, in NaOH buffer solution. (b) conductivity as a function of the

reaction time (from Fig. 5).

survey spectra of GO and rGO after 24 h treatment (see
supplementary information, Figure S1). It is interesting to note
that a steep linear increase is observed until ca. 2.1 hours (128
min treatment), after which C/O values started to vary more
slowly until reaching a plateau, where the C/O value was
almost constant at around 6.8, see Fig 7a. The break point
corresponding to the slower increase in conductivity with
increasing reaction time was however occurring more than
two hours earlier, i.e. compare Fig. 7a and b. This suggests that
while reduction generically allowed eliminating oxygen (thus
increasing C/0), it had not the same effect on the conductivity
of the rGO sheets, probably due to the type of oxygen-carrying
carbon atoms involved.

A more detailed information on the functional groups
involved in the reduction of GO was obtained by the
deconvoluted high-resolution C 1s XPS spectra of GO and rGO,
which are displayed in Figure 8. The high-resolution Cls
spectrum of GO exhibited a saddle-like pattern, which is a
signature of extreme oxidization in GO.2 GO is an atomically
thin sheet of carbon covalently bonded with functional groups
containing oxygen containing sp2 and sp3 hybridized carbon
atoms.”® In addition to the sp2 graphitic component and sp3
hybridization, deconvolution of the Cls peak in GO disclosed
the presence of oxygen-carrying functional groups. The
component at 287 eV is assigned to C atoms directly bonded to
oxygen (hydroxyl and epoxy configurations), whereas the
component at 288.8 eV is assigned to carbonyl groups.30 The
high-resolution Cls spectrum of all reduced GO samples
exhibited a shift from the double peak seen for the pristine GO
to a single sharp peak toward low binding energies, which is
indicative of a trend to restore the sp2 bonding graphene
configuration.28 At the same time, the peaks associated with
the oxidized carbon decreased in intensity (Figure 8).

This journal is © The Royal Society of Chemistry 20xx

C=0

Binding energy (eV)

Fig. 8. XPS data. High-resolution C 1s XPS spectra of graphene oxide (a) and
chemically reduced GO after 2 min (b), 8 min (c), 32 min (d), 128 min (e), and 192
min (f) reaction times.

The deconvolution data allowed a better understanding of
the impact of the reducing treatment on the different oxygen-
based functional groups. Table S1 includes the percentage
contribution of each functional group assigned after
deconvolution of the C 1s spectra of GO and rGO at different
reaction times, plotted in Fig 9a. At the beginning of the
reaction, the reducing agent acted on the C-O functional
groups, which decreased from 46.65 % in pristine GO to
approximately 11.5% in rGO. Interestingly, this dramatic
reduction took place in the first 8 min of treatment, after
which the percentage contribution of C—O functionalities did
not vary significantly. Also noteworthy is the fact that the
carbonyl groups were apparently unaffected by the reducing
treatment during the first 8 minutes of the reaction (C=0
concentration fixed at ~9 %, see Table S1 and Fig. 9). However,
after this time span, the C=0 percentage started to decrease
down to ~5 % after 192 min of treatment, see Fig. 9, which
coincided with the stabilization of the C/O ratio close to 6.9 in
Fig. 7a. These observations suggest that the reduction of GO
mediated by NaBH, acted preferentially and dominantly on the
epoxy and/or hydroxyl groups and only to a lesser extent on
the carbonyl groups. The steep increase in conductivity
observed up to ~10 min of reaction was thus primarily due to
the reduction of C-O rather than C=0 groups. This would
explain the temporal discrepancy between the break point
observed in the “C/O vs time” and “conductivity vs time” plots:
the increase in conductivity decreased abruptly as soon as the
reduction of C-O groups was complete, although C/O kept
increasing due to the conversion of the C=0 groups. The fact
that the percentage content of C—O bond functionalities varied
in a specular fashion with the sum of Csp2 and Csp3 (Fig. 9a)
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suggests that: i) the reduction of epoxy or hydroxyl groups had
a greater impact on the restoration of the conductive nature of
the graphite structure in the reduced GO; and ii) as shown by
several studies, sp2 (graphenic domain with a low bandgap)
and sp3 (oxidized domain with high bandgaps) regions coexist
in GO,31 with the sp2 graphenic regions exhibiting high
conductivity (Klein tunneling),32 whereas the sp3 regions
contribute with its semi-conducting properties.33 The specific
mechanism for the elimination/removal of the oxygen units at
the used 300 mM NaBH, concentration may thus initially have
progressed by formation and elimination of the boron oxide
derivatives reported by Shin et a|.34, whereas the evolution of
the XPS data suggests that the reduction occurred first by
epoxy group removal, de-esterification and de-hydration, and
only at later stages removal of oxygen associated with ketones
in the carbonyl groups. This explanation would be consistent
with the *3C NMR and XPS results presented by Gao et al. for
conversion of graphite oxide into graphene.35
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Fig. 9. (a) Evolution of (Csp2+Csp3), C-0, and C=0 functional groups as a function
of the reduction reaction time. (b) conductivity as a function of the reaction time

(from Fig. 5).

1 10

Fig. 10 shows the Raman spectra (1000 — 2000 cmfl) of pristine
GO, and four representative rGO samples (rGO after 2, 8, 32,
and 128 min of reduction treatment), together with the
spectra of pristine graphite. In the selected spectral range, two
most significant peaks appear for GO and reduced samples
tested, namely a G band at ~ 1582 cm ™ and a D band centered
at ~ 1350 cmfl, which is consistent with the observations made
by Stankovich et al.*®. The Raman spectrum of the pristine
graphite displays a prominent and sharper G peak, with a less
pronounced D peak, as reported by Khan et al.””. The G band
relates to the in-plane motion of the carbon atoms and is
sensitive to strain effects, whereas the D band relates to the
presence of disorder and defects, either edges or topological
(basal-plane) defects in the graphene sheet.®** The D/G

This journal is © The Royal Society of Chemistry 20xx

intensity ratio (//lg) was here used as a diagnostic tool of the
level of disorder in graphene and its derivatives.*® In the “low”
defect density regime, the I/l — values increase as a higher
defect density creates more elastic scattering, whereas in the
“high” defect density regime the I/l will begin to decrease as
an increasing defect density results in a more amorphous
carbon structure, attenuating all Raman peaks.41 From the
inset of Fig. 10, it can be seen that the /y/ls-value increased
dramatically from the graphite powder (0.16) to GO (0.91) but
only moderately from GO to rGOs, i.e. with increasing the
chemical reduction treatment (from 1.078 for the 2 min
treatment to 1.23 for the 128 min treatment). These values are
higher compared with solvent exfoliation of graphite into
graphene,“'43 but consistent with previous works on the
chemical reduction of GO,* confirming the high
concentrations of both basal and edge defects due to the
harsh reduction process, proportional to the duration of the
treatment.

1,2} o " ..wzs‘
oo ]
-~ 02l g Graphite
= oo NN———
9, Treatment
=
g ]
2
= 4
1000 1250 1500 1750 2000

Raman shift (cm™)

Fig. 10. Raman spectra of graphite, GO, and rGO obtained after 2, 8, 32, and 128 min
treatment. The I/l evolution as a function of the treatment type is shown in the inset.

By combining the above findings with those related to the
electrical performance (Fig. 9b), it is suggested that the
primary explanation to the observed differences in reaction
progression rate during the reduction lies in the removal of the
C—O0 functional groups (epoxy and/or hydroxyl groups), which
had the greatest impact on the conductivity values and
resulted in an increase in conductivity of more than 5 orders of
magnitude during the first 8-12 min. Interestingly, these
findings are in-line with the observation of a dramatic loss in
structural stability of the rGO nanofoams after 8-12 minutes of
reduction (in Fig. 6). Hydroxyl and other polar groups are
important constituents in the association of inorganic
particulate matter due to its strong interactions, and have
previously been demonstrated as a responsible for the
formation of nanoparticle foams.® Upon their removal, the
remaining carbonyl groups could not retain the integrity of the
solid nanofoams, which in turn fragmented into a powder only
by shaking the tubes that were used for drying. To some
extent it is however possible that the porosity of the samples,
increased defect density with reduction time, in combination

J. Name., 2013, 00, 1-3 | 8
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displayed in the bottom row: 2 min (d), 16 min (e) and 24 hours (f).

with the observed morphological changes (Fig. 11 and 12),
contributed to suppress the electrical performance of the
conductive rGO sheet assemblies’.

Morphologies changes with time during GO reduction

Fig. 11 shows three 2 mL wet aliquots samples frozen by
liquid nitrogen immediately after the removal of the residual
counter ions from the synthesis salts. The samples are the 2,
16 and 1440 minutes from Fig. 6, which show 0.0043, 75, and
1500 S/m in conductivity. The average lateral sizes of the
sheets were not possible to obtain from the 500x
magnifications (a, b and c) due to the tendency of the sheets
to aggregate with increasing reduction time. However, it is
suggested that the size did not vary much for the individual
sheets because the closer magnifications did not show any
substantial size difference from the ca. 6 * 3 um lateral
dimensions for the pristine GO (cf. Fig. 11d, e and f with inset
in Fig 1 in experimental section). It was also clear (from the
500x micrographs) that the pristine GO as well as the 2 min
reduced GO samples contained ‘rod-like’ structural features;
see Fig. 11a and Fig 1. These ‘rod-like’ morphologies are edges
of the sheets that were more frequently visible in the freeze-
dried samples from the shorter reduction times. To some
extent their frequent representation was due to the improved
dispersion that may have assisted in the formation of the
nanofoams since they disappeared from the samples reduced
for more than 16 min (Fig 6). Higher magnifications revealed
that the rods were in fact swivelled/twisted larger sheets that
often unfolded into relatively flat sheets, with a substructure
of 0.5-1 um buckles (Fig. 11d and 12b). With more extended
reduction times, the buckles became more frequent and
showed more defined in-plane edges. Fig. 12 shows the
smoother surface of the pristine GO before reduction, as

This journal is © The Royal Society of Chemistry 20xx

o aa 5 um

Fig. 11 The micrographs in the top row show 500 times magnified rGO reduced 2 min (a), 16 min (b) and 24 hours (c). The corresponding higher magnifications (5 000 times) are

compared to the buckled surface of the rGO sample reduced
for 24 hours.

24 hours of reduction.

Conclusions

In this article we report the highest conductivity so far for
reduced graphene oxide, using the
reduction route relying on sodium borohydride (NaBH,). The

inexpensive aqueous

measured conductivity values, and described requirements for
establishing correct electrical data, show that after 24 hours of

J. Name., 2013, 00, 1-3 | 9
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reduction a conductivity of 1500 S/m can be expected, using a
300 mM NaBH, solution. A vacuum filtration method is
presented, using polycarbonate filter supports with submicron
channels of 0.8 um in diameter, which resulted in 1 orders of
magnitude higher conductivity compared to a sample dried
without vacuum assistance, and 2 orders of magnitude higher
conductivity compared to the same rGO obtained as a
compacted freeze-dried substrate. The conductivity values
accordingly relied on establishing an electrical characterization
protocol, which takes into consideration the consolidation of
the conductive rGO material into sheets with uniform
thickness and using the 4-probe technique adjusted to the
sample size, eliminating the influence of contact resistance.
The record high 1500 S/m for aqueous chemical reduction of
GO represents ca. 15 % of the highest reported conductivity of
ca. 110 000 S/m demonstrated by Chen et al. using chemical
vapour deposition (CVD) to obtain a compact conductive
graphene paper, and ca. 45 % of the reported conductivity for
hydrazine (N,H,) reduced graphene annealed at 500 .49 ¢
is also demonstrated herein that there is a clear correlation
between the extent of reduction (manifested as increased
conductivity and removal of oxygen) and the possibility to
form a stable graphene nanofoam after freeze-drying. The
pristine GO as well as the only partially reduced GO could
easily be frozen into a solid that with elimination of the water
phase became a brownish/black foam, whereas all samples
reduced for more than 16 minutes collapsed into a powder
under identical freeze-drying conditions. Finally, high
resolution XPS data allowed an explanation to the observed 2-
phase reaction progress behaviour, which initially occurred by
dominant removal of epoxy and hydroxyl groups. The results
pave the way for applied use of rGO as a filler material in
conductive polymer composites, with predictable electrical
data prior to the composite preparation.
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Supplementary information:

Experimental review: Chemical reduction of graphene oxide (GO) to
reduced graphene oxide (rGO) by aqueous chemistry
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T. Olssona+t

Table S1. Assignment and relative percentage of the functionalities arising from the deconvolution of the C 1s XPS spectra.

Sample Pe(ael:/;BE % Functionalities
GO 2846 2711 C-C (sp?)
285.6 16.28 C-C (sp3)
286.9 46.65 Cc-0
288.8 9.95 C=0

GOy 2845  46.96 C-C (sp?)
2853  19.86 C-C (sp?)
2868 2442 c-0
2889 876 =0
GO 2846  50.62 C-C (sp?)
2853 2245 C-C (sp?)
2869  17.98 c-0
2888  8.95 =0
GOy 2846 5428 C-C (sp?)
2857  25.03 C-C (sp?)
287.0 1154 c-0
2888  9.15 =0
GO 2846  57.00 C-C (sp?)
2855  23.54 C-C (sp?)
2869  11.65 c-0
2888  7.81 =0
rGOsz 2846  59.72 C-C (sp?)
2856  22.05 C-C (sp?)
287.0 1176 c-0
2888  6.47 c=0
rGOss 2846  58.96 C-C (sp?)
2856  22.07 C-C (sp?)
287.0 1228 c-0
2889  6.69 c=0
rGOz¢ 2846  58.19 C-C (sp?)
2856  22.09 C-C (sp?)
287.0  12.80 c-0
2889 691 c=0
rGOsz 2846  64.42 C-C (sp?)
2856  21.95 C-C (sp?)

287.0 845 c-0
2889  5.19 c=0
rGOuse 2846  63.40 C-C (sp?)
285.6 2177 C-C (sp?)
2869  9.18 c-0

288.8 5.65 C=0
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Experimental review: Chemical reduction of graphene oxide (GO) to
reduced graphene oxide (rGO) by aqueous chemistry

Reduced Graphene Oxide

TOC text:

An experimental review of NaBH4 graphene oxide sheet reduction is presented,
with consideration to elimination of oxygen and the morphological nature of the
stacked sheets as a substrate for electrical conductivity measurements. A
conductivity of 1500 S/m was reached with the provided protocol, which is
record high for NaBH4 as a reducing agent.



