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Abstract

Understanding the mechanism of the reduction of graphene oxide (GO) is a key-question in
graphene related material science. Here, we investigate the kinetics of the reaction of
radiolytically generated hydrated electrons with GO in water. The electron transfer
proceeds on the ns time scale and not on the ps time scale, as recently reported by Gengler

et al. (Nature Comm 2013, 4 2560).'
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Introduction

Carbon based nanomaterials with dimensionalities 0D (fullerenes), 1D (carbon
nanotubes) and 2D (graphene / graphene oxide) have gained a large scientific interest in
the past decade.” In recent years a particular focus was set on 2D carbon materials, such
as graphene and graphene oxide (GO). These materials are, however, correlated with a
number of practical issues. Especially the production of high quality monolayer graphene
with the perspective of large scale applications/productions, is still challenging.>* For
graphene oxide (GO) on the other hand up-scalable synthetic procedures starting from
graphite are established.® Moreover in aqueous dispersions, GO occurs — even without
surfactants — as monolayer material. The major drawback of GO is, that the quality of the
carbon framework depends strongly on the preparation conditions. Therefore GO
prepared according to common procedures display a highly defective sp® carbon
framework with edges of defects functionalized with oxygen containing groups such as —
COOH, -OH, C=0, etc..* Bearing this in mind, the reduction of GO to graphene is a
smart route toward graphene with various defect densities. In this regard countless
methods for the reduction of GO were published in the recent years — in particular
“classical” preparative approaches. Results obtained from reductants such as hydrazine,
dimethylhydrazine, hydroquinone, NaBH,, TiO,, HI and other were recently
summarized.*® In comparison to the above methods, much less work was reported
applying e.g. photo- or radiation chemical methods as preparative chemical methods.
Recently we investigated the reduction of three different graphene oxides and the
properties of the formed rGO (reduced graphene oxide) utilizing hydroxylalkyl radicals
derived from alcohols and solvated electrons as reducing agent. The properties of the
formed rGOs were analyzed by steady state electron beam radiolysis,”® and a better

efficiency of this method was found compared to preparative approaches. But up to now,
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detailed mechanistic and kinetic aspects of these reactions remained elusive. Even for the
“classical” preparative reduction, mechanistic and kinetic studies are only spotted in the
literature and novel knowledge about the mechanism of reduction is highly desired.”"°
Although, each of the reduction methods has its own advantages, light-induced reduction of GO
appears to be a nice and interesting way of producing reduced GO (rGO) while avoiding the use
of harsh chemicals. The photochemical reduction of GO was studied altering the wavelength,
exposure time or light intensity, both in solids or in the liquid phase.'"> Although, these great
efforts have been undertaken the key-questions of understanding the dynamics and details of the
reduction mechanism remained largely unanswered yet. In the present contribution we want to
shed light into the issue how GO is photo-reduced, what the reducing species is, and what the
role of the solvated electron is in this process. In order to understand photo-reduction of
graphene and the role of solvated electrons in this process we generate solvated electron via
radiation chemistry and study the kinetics under very well defined experimental conditions
relevant for photo-reduction, as outlined below.

Recently, Gengler et al.' investigated the nature of the ultraviolet photo-reduction of GO
in water by using femtosecond laser pulses in a pump—probe experiment. A water
dispersion of GO was irradiated by an ultraviolet femtosecond pump pulse, followed by
a second femtosecond visible probe pulse. By varying the delay between the pump and
the probe pulses the evolution of the reaction can be monitored in real time. Their results
appear to support a recently proposed model for GO photo-reduction in water: The
ultraviolet light (4.6 eV) is absorbed by the solvent through a nonlinear process, namely
two-photon absorption. This process excites the water above its photoionization
threshold (6.5¢V) leading to the generation of solvated eclectrons, which are then
responsible for the production of rGO. The entire reduction dynamics are unveiled by
transient absorption measurements and are found to occur on a picosecond time scale.
Here, we present a kinetic study on the defined electron pulse radiolysis reduction of

three GO samples in aqueous dispersion (in order to display the variability of kinetics for
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different materials and material qualities). We employed single-layer GO purchased from
Cheaptubes.com (CT-GO) and from Nanoinnova Technologies (NI-GO) as well as
home-made GO with an almost intact carbon framework (ai-GO)'® (for details see the
experimental section). By applying this technique (electron pulse radiolysis) we
exclusively generate ‘truely’ solvated electrons and explicitly exclude excitation of GO
leading to decomposition of GO. The new experiments aim at shedding some more light
into the question what the reducing species and the mechanism is in the photo-reduction

of graphene oxide (GO) with intense pulsed UV light.

Experimental Section

Materials

All chemicals were purchased from commercial sources in highest purity and used as
received. Three different GO samples have been investigated in this work: I) single-
layered GO purchased from Cheaptubes.com (USA) - further called CT-GO, II) GO
from Nanoinnova Technologies (Madrid, Spain) - further called NI-GO, and III) home-
made GO with an almost intact carbon framework - further called ai-GO synthesized
according to Eigler et al.'® Dispersions of GO were prepared in a Millipore water using

bath ultrasonication, for details see Ref.’.

Pulse radiolysis

The samples were saturated with N, and irradiated with high energy electron pulses (1
MeV, 15 ns duration) by a pulse transformer type electron accelerator (Elit - Institute of
Nuclear Physics, Novosibirsk, Russia). The dose delivered per pulse was measured by
electron dosimetry.!” Doses between and 2.3 and 100 Gy were employed. The optical
detection of the transients was carried out with a detection system consisting of a pulsed

(pulser MSP 05 - Miiller Elektronik Optik) Xenon lamp (XBO 450, Osram), a
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SpectraPro 500 monochromator (Acton Research Corporation), a R 9220 photomultiplier

(Hamamatsu Photonics), and a 500 MHz digitizing oscilloscope (TDS 640, Tektronix).

Computational methods

Quantum chemical calculations were performed using the Density Functional Theory
(DFT) employing the B3LYP'®'" functional as implemented in Jaguar program.’' The
structures of studied molecules were optimized in water using Jaguar’s Poisson-
Boltzmann solver (PBF)" at B3LYP/6-31(d)/PBF level of theory. The frequency
analysis was done to characterize the stationary points on the potential surface and to
obtain total enthalpy (H) and Gibbs free energy (G) at 298 K. The reaction enthalpies
(AH) and Gibbs free energies of reaction (AG) were calculated as the difference of the
calculated H and G between the reactants and products respectively. The calculations
were performed on model systems of GO with the hexagonal 5 x 5 graphene sheet and
COO(-) or COOH group connected to the zig-zag edges, which is expected displays
higher reactivity as compared to the arm-chair edges, as well as on a 5 x 8 graphene sheet
with an epoxy functionality. The extensive calculations on the possible reaction
pathways induced by photo-excitation (266 nm), which could lead to reduced graphene
oxide (rGO), are given in the Supporting Information (Figs. S5 and S6 in the

supplementary information).

fs-Laser Photolysis experiments

The femtosecond transient absorption measurements were carried out with a CPA-2101
femtosecond laser (Clark MXR). The excitation wavelength (256 nm) was created by
third harmonic generation. Laser output energies between 100 and 400 nJ / pulse were

selected.

Results
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With pulse radiolysis the nature and yields of the generated primary species in the system can be
controlled with high precision. Indeed, three highly reactive species, namely "H, ‘OH, and e’
(eq. 1), besides the molecular products H, and H,O, are formed due to water radiolysis.** At the
conditions employed (N,-saturated, aqueous solutions at natural pH containing 5 vol.% ¢-
butanol) only hydrated electrons remain available for the reaction with GO, since "H and ‘OH,
are completely scavenged by #-butanol via hydrogen abstraction (eq. 2). The here formed
"CH,C(CHj;),(OH) radicals (eq. 2) are known as redox inert species of low reactivity” and
hence any kind of their possible reaction with GO can be neglected.

The transient absorption spectra, obtained upon electron pulse radiolysis of aqueous, Nj-
saturated ai-GO dispersion containing 5 vol.% t-butanol after different time delays are
shown in Fig.la. All of them correspond to the spectrum of the hydrated electron,”
which disappear almost completely 5 ps after the electron pulse. The decay of eqq at
different GO concentrations has been followed at 720 nm as illustrated in Fig. 1b. The
signals disappear following a pseudo-first-order kinetics (note: concentration of solvated
electrons is much lower than the graphene flake ‘concentration’) and the corresponding
linear dependence of k. vs. ai-GO concentration is plotted in Fig 1c. Typical fits are

displayed in the appendix (suppl. information, SI) in Fig. S1.

EB-irradiati
HZO irradiation “OH + -H+ e(aq)@ (1)

‘OH + %*OH —> H,O + %*OH
"H o+ %*OH — Hy + %OH

(2)
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Figure 1. (a): Transient absorption spectra obtained upon electron pulse radiolysis (100
Gy, 15 ns FWHM) of 0.07 mg x ml"' ai-GO in N,-saturated aqueous solution in the
presence of 5 vol.% ¢-butanol with time delays of 50 ns (black), 1 us (red), 2 pus (green)
and 5 us (blue) after the electron pulse. (b): Corresponding absorption time profiles at
720 nm for solutions containing no ai-GO (black curve), 0.07 mg x ml" ai-GO (red
curve), 0.31 mg x ml™" ai-GO (green curve), 0.60 mg x ml™" ai-GO (blue curve) and 2.20
mg x ml"' ai-GO (cyan curve). (c): Plot of the pseudo-first-order rate constants vs. the ai-
GO concentration for the decay of the hydrated electrons measured at 720 nm.
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For the other GO samples (NI-GO and CT-GO) we found a similar behaviour, i.e.,
transient absorption spectra dominated by the absorptions of e.q (Figures S2a and S3a,
SI). The rate constants were determined from the decay of the transient absorption of
€aq at 720 nm (Figures S2b and S3b). From the slope of the linear fit of the pseudo-first-
order rate constants vs. the GO concentration (Figures S2¢ and S3c¢) the bimolecular rate
constants for the reaction of the particular GO with e(,q were obtained and collected in
Table 1, displaying the variability of the different GO samples. Reduction of the GO has
been controlled routinely via XPS (core level photoelectron spectroscopy), UV-VIS
spectroscopy, and conductivity measurements such as shown in Ref. 7. For a proof that
reduction is actually taking place under EB radiation conditions we refer to Ref. 7 and
Ref. 8.

Since for measurements resulting from high absorbed doses, i.e., 100 Gy, the pseudo-
first order approximation may provide rate constants that appear somewhat higher than
expected because it neglects second order effects resulting from the recombination of
€aq - In order to estimate any error in this direction we performed kinetic simulations
using ACUCHEM?® for the 720 nm time profiles (see e.g., figure S4 in the
supplementary information). From these simulations a rate constant of (2.65 = 0.20) x
10’ ml x mg' x s was obtained for the reaction of e, With ai-GO, indicating that under
the applied conditions the pseudo-first order approximation leads to reasonable results
and very small errors. Please note, GO is a label for a number of different heterogeneous
materials (with very different defect numbers and features, i.e., functional groups), for
which no classical solution concentration of the reactant in terms of mol/l can be given.
Instead we give rate constants (in ml x mg” x s™) as a function of the dispersed GO
amount in solution (mg/ml). Note, the concentration of GO varies somewhat for the
different samples because of the different solubility. The concentration of GO is
nevertheless still high as compared to the solvated electron such that the conditions are

still pseudo first order.
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Table 1. Rate constants (in ml x mg™' x s™) for the reactions between the e, and three
different GO samples.

Species ‘ ai-GO CT-GO ‘ NI-GO

€(aq). ‘ (2.8+£0.2) x 10 ‘ (12£0.1)x 10’ ‘ (2.3 0.3) x 107

The goal of further investigations was to study the reduction of GO by enq with
quantum chemical calculations. Here two model GO systems, namely 5 x 5 and 8 x 5,
were studied both for GO containing a COO™ or a COOH group and GO bearing an
epoxy group, which is hydrolysed and easily transformed to two OH groups. Because the
calculated thermochemical parameters such as AH and AG were very similar, only one

model is shown here in Figures 2 and 3, respectively.

= O« _OH

0.0
@ m/wir\m ®) lr\r%
l + e l +e
00 -  OOH
anion radical anion radical
l\ IR j\ P N

AH=-6 | _ AH=-64| .
AG=-24l G0 AG=-791' COOH

./ H-transfer

dianion radical 2- anion radical

H °—
ey oo, oy - oo,

Figure 2.: Calculated energetics of the possible reaction pathways of CO, scission after
interaction of the GO with e(,q): (a)- with COO" and (b)- with COOH groups, leading to
formation of corresponding GO radical anion and shows its further stabilization by
decarboxylation. AH and AG are given in kcal mol™'. Here for the case (a) after addition of the
electron, we should have dianion radical species immediately, which remains as dianion radical
species after loss of carbon dioxide.
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Figure 3.: Calculated energetics of the possible reaction pathways of OH removal after
interaction of the GO with (. AH and AG are given in kcal mol.

The investigations revealed for both tested models a high driving force for the
decarboxylation of the COOH and COO’ group and the removal of the OH groups
respectively. As a result of these quantum chemical calculations, it is reasonable to

describe the reduction of GO according to reaction schemes 3 and 4. This occurs with a

10
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carbon loss by releasing CO, originating from COO™ and COOH respectively (3), and
without carbon loss when the epoxy group (two OH-groups) is removed (4).
GO + e(aq)' + HJr — rGO + Hzo + C02 (3)

GO + eq + H — rGO + H,0 4)

Discussion

The observed rate constants for all three GO samples were only differing by a factor of less than
2.5. Thus the determined rate constant for the reduction of GO by solvated electrons in water is
between 1 x 10" and 3 x 10" ml x mg™” x s™'. Our experimental data can be related to a lifetime of
the solvated electron of about 35 ns for the conditions applied in Ref. 1 and therefore deviates
by roughly four orders of magnitude from the reported one.'

However, the results reported by Gengler et al. were obtained by laser photolysis, where
€aq Was supposed to originate from a two photon absorption of water. But this two
photon absorption is in strong competition with the one photon-excitation and ionization
of GO. Please note that GO shows strong absorption at the used excitation wavelength
(266 nm) and the concentrations employed. The absorption of ai-GO is shown in Figure
S5 in the SI. A standard way to determine whether their observed transient originates
from one or two photon absorption is determining the photonicity of the observed
process, i. e., plotting the excitation energy vs. the transient absorption. A two photon
absorption results in a parabola shaped curve, whereas a linear behaviour is observed,
when the transient is originating from the absorption of one photon. In fact we observed
the latter, a linear relation in our femtosecond transient absorption measurements, when
varying the energy between 100 and 400 nJ/pulse (see figure S6). This result supports
our interpretation/picture that the transients in Ref. 1 are not due to two photon
absorption/ionization of water and subsequent e- production from water but absorption of
UV-radiation by highly concentrated graphene and the subsequent release of an electron

from photoionized graphene.

11
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Theoretical calculations were conducted to elucidate how the reduction, described by
Gengler et al. (which has been shown experimentally and which we do not doubt), could
occur without the formation of a solvated electron from the two photon absorption of
water. Our quantum chemical calculations showed that GO is ionized from
photoexcitation at 266 nm, forming a GO’ / ¢ ion pair. A large quantity of the electrons
are not able to escape into water forming solvated electrons and are recombining on a
short time scale (below 1 ns)***” This recombination may, e.g., be accompanied by CO,
formation, as described in reaction scheme 5 (see also Figure S7 in the SI).

GO+ ¢ — GO + CO, ®))
It should be noted that carboxylic acids play a minor role for ai-GO, as the concentration
of defects is on average only 0.3%. This is much different for commercial GOs. The
defect concentration is usually unknown, but approximately between 5-10%. Although,
XPS can give information about the amount of carbonyl/carboxyl functions, their
concentration is difficult to determine reliably in a quantitative fashion. Therefore, the
exact concentration of carboxylic acids is not known precisely and the major functional
groups remain epoxy and hydroxyl groups. Nevertheless, we included the mechanism of
CO,; formation from carboxylic acids (beyond OH and epoxy group reduction), because
this mechanism certainly becomes relevant for highly defective GO.
In summary, the photochemical conversion of GO to rGO observed in Ref. 1 is not
related to the reaction of GO with solvated electrons originating from water as in our
experiments, but most likely from the laser excitation of the GO. Such a behaviour is not
unexpected and well reported in the literature for the laser photolysis of pure GO

dispersions.***

It should be noted, that we do not question the overall photochemical reduction of graphene in
Ref. 1, such as shown impressively via XPS, but just the molecular mechanism. Our recent

experimental results may indicate that while the direct photochemical reduction is rather

12
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inefficient, in principle, it may, however, become more efficient for high photon densities
possibly forming H atoms (from solvated electrons via reaction with H'" at the low pH values

typical for highly concentrated GO dispersions), which is indeed an efficient reduction agent.

Conclusions

Efficient techniques to reduce graphene oxide are interesting due to the multitude of
potential applications of this carbon material. A very promising method is its
photochemical reduction employing ultraviolet light. Unfortunately, the dynamics and
mechanisms behind this reduction remain elusive. Recently, Gengler et al. found that the
ultraviolet photo-reduction in solution proceeds on a picosecond timescale, as measured
with ultrafast spectroscopy. They propose that the reaction is initiated with a
femtosecond ultraviolet pulse that photoionizes the solvent, liberating solvated electrons,
which cause the reduction. In an effort to understand this surprising result on a
fundamental level we performed a series of transient kinetic experiments employing
three different graphene oxides with eu, generated in aqueous solutions. Our
experimental data can be related to a lifetime of the solvated electron of about 35 ns for
the conditions applied in Ref. 1, which deviates by roughly four orders of magnitude
from the reported timescale of reaction of solvated electrons with GO dispersed in
aqueous solution. We therefore conclude that the ultrafast transients observed by Gengler
et al. are most likely not be related to the reaction of GO with solvated electrons
originating from water - as in our experiments here, but from the direct laser excitation
of the GO. An alternative mechanism has been proposed here on the basis of model
quantum mechanical calculations, as outlined above. Regarding the fate of the electron,
most likely it migrates into the n-System of the GO once it has reacted with it. Another
scenario is that a photoelectron from GO is directly released into the solvent and reacts
on a longer timescale with another neutral graphene oxide flake. The latter may explain a

spectrum close to that of a nearly solvated electron at intermediate times. It is clear that
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GO in the experiments of Gengler et al is ultimately reduced, the questions here is how
and on which timescale. A further explanation for the ultrafast observations by Gengler
et al.' might also relate to trapped electrons formed upon photoexcitation as observed by

Kaniyankandy et al.*
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