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First-principles calculation identifies elementary processes in the thermal reduction of
graphene oxide (GO) and reveals the effects of alkaline-earth metals (AEMs) in recovering
the graphene. These metals are highly effective in removing residual oxygen groups resis-
tive to thermal reduction, as well as healing the defects formed during the reduction, such

as the carbonyl groups. In the AEM-assisted reduction, the AEMs serve as an electron
reservoir of high chemical potential that forces electron transfer to the GO, whereas

pristine carbon regions on the GO serve as a “bridge” to facilitate the electron transfer
directly to oxidized carbon. This enables fast kinetics for the breaking of both C-O and
C=0 bonds. Complete reduction is observed in our simulation at T <600 K within 32 ps

for a 28%-oxygen-coverage GO model.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a potential candidate material for next-genera-
tion electronics [1-3]. However, mass production of graphene
under normal experimental conditions remains to be a chal-
lenge. Graphene is usually fabricated by mechanical exfolia-
tion [4], by heating silicon carbide to high temperatures
(>1100°C) [5,6], or by epitaxial growth on metal substrates
such as ruthenium [7], iridium [8], copper [9], or platinum
[10]. Recently, reduction of graphene oxide (GO) has emerged
as an important alternative for graphene production, as the
method is based on a convenient, high-yield, low-cost solu-
tion process. Solution-based GO can be spin-coated on vari-
ous substrates — a process that is well suited for electronic
device fabrications [11].

The reduction of GO typically involves three steps [12]: oxi-
dation of graphite to GO; dispersion of the GO in water; and
removal of oxygen groups from the dispersed GO sheets by
chemical reduction to form graphene. Several experimental
methods have been proposed to reduce GO. High-temperature
annealing is simple, clean, and has industrial compatibility
with batch processing, but the conductivity is 2 to 3 orders
of magnitude smaller than that of pristine graphene [13-16].
Hydrazine reduction can take place at room temperature
(RT), which is particularly suitable for plastic substrate. How-
ever, hydrazine is toxic and may introduce electrically-active
N centers [17]. In this regard, sodium borohydride may be a
better choice, as it works at RT without the contamination.
However, the conductivity is even lower, about 5 orders of
magnitude smaller than that of pristine graphene [18]. In
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some sense, hydrogen gas reduction may work better [19], as
it is not only clean but can also repair defective aromatic
structures. However, potential safety hazard of hydrogen in
industrial application is a concern. Meanwhile, HI is found
to be another high efficient and quick reducing agent [20-
22]. Femtosecond laser ablation, on the other hand, has the
ability of region-selective GO reduction, but a too strong and
focused energy beam may lead to obvious lattice destroy
[23,24]. Only very recently, metals such as Fe [25] and Zn [26]
have been used to reduce GO with promising results. How-
ever, until now none of these methods can completely reduce
GO into graphene. Meanwhile, many defects can also be pro-
duced. So, that seriously set a barrier of making high-quality
graphene by the ways for actual device application.

Theoretical modeling can provide insights on the struc-
tural evolution of the GO to enable better design and compre-
hension of the reduction process. Classical force-field
molecular dynamic study [27] revealed desorption of H,O
from nearby hydroxyls during thermal annealing, and the for-
mation of highly stable carbonyl and ether groups. The latter,
however, hinders a complete reduction of the GO to graphene.
Annealing in H, atmosphere can improve to some degree oxy-
gen removal due to the formation of extra H,O. Our ab initio
molecular dynamics (AIMD) simulation, on the other hand,
reveals that in thermal reduction, hydroxyls (OHs) desorb
from GO in the form of H,0, as a result of OH diffusion and
the formation of nearest-neighbor OH pairs. This desorption
is, however, a self-terminating process — as the density of
the OH group is reduced, the remaining OH groups prefer to
be spatially isolated to maximize the configuration entropy
[28], which prevents further desorption. In comparison, epox-
ies are even harder to desorb. When two epoxies diffuse and
become a nearest-neighbor pair, they are more likely to be
transformed into a carbonyl pair, which is detrimental to
the preparation of defect-free graphene.

In this paper, using AIMD we study the physics that dic-
tates the recovery of graphene from GO. We propose a conve-
nient and potentially highly effective method to completely
reduce GO by using calcium or magnesium. The physics of
the recovery lies in the charge transfer between the reducing
agent (Ca or Mg) and GO ascribed to the difference in the local
Fermi level between the two. Charge transfer, however, can-
not take place unless there co-exist regions of pristine graph-
ene and those with oxygen groups. The pristine graphene
serves as a “bridge” to engage the charge transfer for GO
reduction, which takes place only at the boundaries between
these two regions. In the presence of Ca, both the C=0 and
C-O bonds of the oxygen groups can be broken at 600 K.
The reaction kinetics is fast — in our simulation, a complete
reduction, along with complete removal of carbonyls, has
been achieved within several tens picoseconds. It is expected
that the reaction products, CaO and Ca(OH),, can be easily re-
moved by hydrochloric acid [29].

2. Computational details

Our AIMD as implemented in the VASP codes [30] uses a 32-
carbon atom graphene unit cell, 1 fs time step, and the canon-
ical NVT ensemble, in which the Nosé-Hoover thermostat is
used to control the temperature [31]. I'-point is used in the

Brillouin zone sampling. We have tested the results with
smaller time step of 0.2fs, which could be important to
hydrogen motion. The results, however, showed no qualita-
tive difference. Experimental thermal reduction temperature
ranges from 400 to 1400 K [13,15]. To ensure the observation
of GO reduction within a reasonable simulation time, we
use a somewhat higher T = 1800 K, but still far below the the-
oretical melting point of graphene [32].

3. Results and discussion

3.1. Thermal reduction

The dynamics of thermal reduction at 1800 K shows charac-
teristic features in terms of (1) the formation and desorption
of H,0 and (2) the formation of stable defects as a result of
the H,O desorption. While the atomic structure of GO is cur-
rently under intense debate [33-36], it is generally accepted
that oxygen exists on GO mainly in the form of epoxy and
OH groups [37,38]. Fig. 1 shows the effects of H,O desorption
using an OH-only model [33] with initial oxygen coverage at
38%. Our simulation reveals that OH can readily diffuse on
the graphene. Water desorption is initiated when two OHs
move together to form a hydrogen bond (between O1 and
02 in Fig. 1(a)). The formation of the hydrogen bond leads to
the breaking of the O1 single bond (to graphene substrate)
and the lift-up of O1 in Fig. 1(b). The hydrogen bond is subse-
quently shifted to 02 (see Fig. 1(c)). The shifted hydrogen
bond is, however, unstable and the O1-involving H,0 eventu-
ally desorbs (see Fig. 1(d)). The 02 left behind is stabilized by
forming an epoxy.

Fig. 1 - MD snapshots (a)-(d) of oxygen desorption in the
form of H,O0 at 1800 K. Green lines in (a) and (c) indicate the
hydrogen bond that has been shifted from O1 in (a) to 02 in
(c) through stage (b), resulting in desorption of H,0 in (d).
Red balls are O, grey balls are G, and white balls are H. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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Fig. 2 - MD snapshots showing the formation process of a carbonyl defect on a partially reduced GO surface. Dotted boxes
mark the position where a pair of carbonyls forms: (a) an initial epoxy pair, (b) a transition state where the oxygen pair
undergoes a lift-up process, and (c) the final carbonyl pair. The legends are the same as in Fig. 1.

Fig 2 shows the effect of thermal reduction on epoxy using
a mixed OH and epoxy model, which could also be viewed as
the result of aforementioned water desorption. Our simula-
tion reveals that it is difficult to thermally desorb epoxies at
1800 K. Instead, these epoxies are the precursors for the for-
mation of carbonyl (C=0) groups. The epoxies can diffuse
on the graphene just like OH. When two epoxies share a
C-C bond (see Fig. 2(a)), the bond breaks through an oxygen
lift-up process (Fig. 2(b)) followed by a bond rotation process
(Fig. 2(c)). Once the rotation is over, two carbonyl groups are
created, which not only makes the residual O too stable to
be thermally removed, but also leads to the breaking of the
underlying graphene network. This is consistent with a re-
cent classical force-field MD study [27].

It appears that both water desorption and carbonyl forma-
tion are local processes. Therefore, the results on thermal
reduction are relatively insensitive to the details of the struc-
tural models used in the simulation.

One may compare the simulation with experiment. The
simulation reveals H,0 desorption and carbonyl formation
in line with experiment [27,39]. However, neither process re-
duces the number of C-O bonds; therefore, strictly speaking,
no GO reduction has taken place in the simulation, which is
at variant with experiment. The only process that can con-
tribute to GO reduction is the epoxy desorption but it has
not been observed in the simulation. The reason may be
attributed to the short simulation time affordable in the cur-
rent AIMD. Since in the presence of hydrogen, epoxy may be
converted into OH [27], it could thus be beneficial to introduce
H either from ambient or intentionally. This enables oxygen
removal by the same OH process described in Fig. 1. In the
end, a thermally reduced GO (hereof denoted as thr-GO)
should have sparsely distributed hydroxyl and epoxy groups,
as well as certain amount of carbonyl defects.

3.2.  Alkali-earth metal (AEM)-assisted reduction

Mg, Ca, Sr, and Ba are known for their chemical reducing abil-
ity, in accordance with their Pauling electronegativity [40]. In
fact, Ca has been widely used for reducing metals from their
oxides such as ZrO, [41], Sm,05 [42], La,03 [43], and TiO, [44].
To assess the effect of the metal on GO, we consider a thr-GO
with 4 OHs and two carbonyl pairs (one carbonyl stabilizes as
a pyran-like form) in a 32-carbon cell, which is resistive to
thermal reduction at 1800 K. Before the MD, each side of the

thr-GO cell is covered by 4 Ca atoms, with a Ca—Ca distance
close to that of bulk Ca. It turns out that the detailed structure
of the Ca is unimportant, only the density matters.

Fig 3 shows snapshots of the MD simulation. A Ca-graphene
distance of 5 A is used in the initial configuration in Fig. 3(a)
(t=0ps). Since the starting distance for Ca in real experiment
will be significantly longer, the simulated reduction time here
will be considerably shorter than what may be realized exper-
imentally. The simulation temperature is 300K. Fig. 3(b)
shows an intermediate MD configuration (t =4 ps) at which
all the hydroxyls have been removed from the thr-GO and
transferred to Ca. However, reduction of carbonyls has not ta-
ken place, due to the significantly larger bond energy of C=0
(8.0 eV) versus 1.5 eV for C-OH [45]. Despite the large differ-
ence, our simulation reveals that carbonyls can be reduced
within a reasonable simulation time at 600 K. Fig. 3(c) shows
the final MD configuration (t = 32 ps from the initial configura-
tion or 11 ps after the temperature has been raised from 300
to 600 K) at which the GO is completely reduced. Fig. 3(d)-(f)
show the calculated Ca density of states (DOS) corresponding
to the three atomic configurations in Fig. 3(a)-(c). Note that,
accompanied with the formation of CaO and Ca(OH),, the sys-
tem Fermi level (Ef) steadily decreases. The decrease can be
attributed to the formation of Ca-O bonding states at signifi-
cantly lower energies, as indicated by arrows in Fig. 3(e) and
(f). Similar results are obtained for Mg.

To understand the underlying mechanism, Fig. 4 shows
the DOS and the difference in the Ep's between an isolated
Ca layer [Ep(Ca)] and thr-GO [Eg(GO)], as it determines the
direction of charge transfer. In a real process, Ca must ap-
proach GO from distance. To accurately determine the charge
transfer direction in this process, we place the Ca and thr-GO
9.6 A apart in the same supercell to minimize their interac-
tion yet to maintain the same energy reference. Fig. 4 shows
that E¢(Ca) is higher than E¢(GO) by 0.39 eV. Fig. 4 also decom-
poses the DOS for carbon atoms to reveal that pristine C has
significant amount of empty states below E¢(Ca). In contrast, C
bonded to oxygen has significantly less empty states below
Er(Ca). Therefore, GO reduction is an electron transfer process
from Ca to GO and the transferred electrons are primarily on
pristine C.

To generalize the above observation, we calculate several
GOs with different OH coverages. Fig. 5(a) shows the position
of their empty states, i.e., the conduction band minimum
(CBM), relative to Eg(Ca). Insets in Fig. 5 show the correspond-
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Fig. 3 - Reduction of thr-GO in the presence of Ca. We start with thr-GO at 300 K, simulate for 20 ps, increase T steadily to 600 K
in 1 ps, and then simulate for another 11 ps. (a)-(c) (left panel) Snapshots of the initial (t = 0), intermediate (t = 4 ps), and final
(t = 32 ps) stages of the reduction along with (d)-(f) (right panel) the respective DOS for Ca. Green balls are Ca. Others are the
same as in Fig. 1. Blue arrows indicate Ca bonding states. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 4 - Element-selected DOS of an isolated thr-GO with 28%
oxygen coverage and that of an isolated Ca layer. The DOS
for each element is normalized. Carbon has been separated
into two subgroups: those with oxygen bonding and those
without it. Vertical dashed lines indicate the Fermi level
positions of the two isolated systems.

ing spatial charge distribution of the CBM state for 38, 50, and
94% OH coverage, respectively. Indeed, in all cases except for
100% coverage where no charge transfer can take place, elec-
trons from Ca are always transferred to the CBM states around
the pristine carbon. This can be understood that the band gap
from pristine carbon by quantum confinement effect is gener-
ally smaller than that from oxygen-covered carbon by oxygen
bonding effect. The first C-O pairs broken in the GO reduction
are always located at the interface between the pristine

carbon and oxidized carbon. This is understandable, as GO
reduction requires the electron injection directly to the oxi-
dized carbon. Fig. 5(b) shows the time required to break the
first C-O bond and transfer an OH (at low coverage) or H,0O
(at high coverage) to Ca in our MD simulation at 300 K. Not
only that water desorption no longer require the formation
of OH pair, but also OH can directly be desorbed by the Ca. This
is a great benefit of the Ca-assisted reduction over thermal
reduction in terms of eliminating the residue oxygen groups.

The above discussion suggests that in an experiment, one
should maximize the interfacial regions to increase GO reduc-
tion efficiency. When the coverage is high, the interfacial
region decreases. Therefore, for coverage of 94%, the time
required for GO reduction is significantly longer as shown in
Fig. 5(b). When the coverage is 100%, due to the lack of charge
transfer, GO reduction is completely stopped. The slightly
longer time around 50%, on the other hand, reflects the struc-
tural stability of the GO model with that particular oxygen
distribution [33].

To experimentally realize Ca reduction of GO, we suggest
CaH, powder as the Ca source, because CaH, can be decom-
posed into Ca and H, at around 1000 K [46] — both are benefi-
cial to GO reduction. Fig. 3(c) shows that, after the reduction,
the Ca products - CaO, Ca(OH),, and un-reacted Ca only
weakly interact with fully recovered graphene. The Ca’s can
all be removed by hydrochloric acid [29],

CaO(s) + H,0(l) = Ca(OH), (1)
Ca(s) + 2H,0(1) = Ca(OH),(s) + Hy(g) (2)
Ca(OH),(s) + 2HCI(g) = CaCl,(s) + 2H,0 (3)

where the final product CacCl, is water-soluble and hence can
be readily washed away.
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Fig. 5 - (a) CBM (conduction band minimum) of isolated GO at different hydroxyl coverages with respect to Er of an isolated Ca
layer. Insets show charge distribution of the CBM states at 38%, 50%, and 94% coverage, respectively. (b) Critical time required
for the breaking of the first G-O bond (circled in the insets) to initiate GO reduction at 300 K. We define the bond breaking as
when the C-O distance equals 1.4 times the sum of the corresponding covalent radii. At 100% coverage, no GO reduction takes
place. Instead, Ca moves away from GO, indicating that their mutual attraction ceases.

3.3.  Mechanism comparison of the different reduction
methods

All reductions involve electron transfer to oxygen. In thermal
reduction or when using the chemicals (like hydrazine, so-
dium borohydride and hydrogen gas), reactive species such
as atomic H [47] must first move to an O atom and then do-
nates its electron by forming a bond directly with the O. As
a consequence of random walk during atomic diffusion and
its slowness, such a reduction generally requires relatively
high temperature and takes hours to get a conductivity of
~1000 S/m [15-18]. In contrast, the AEM mechanism relies
on the transfer of itinerate electrons to GO without any prere-
quisite of atomic diffusion and/or local bonding. Therefore, it
is much simpler and faster. It is conceivable that the recent
experiments using Fe [25] or Zn [26] for GO reduction may
have followed a similar mechanism as that of AEM. The re-
sults for Zn are already remarkable: at RT it can reduce the
GO within several minutes to reach conductivity as high as
15000 S/m. The reducibility of the metals has the following
trend, Ca > Mg> Zn > Fe [40]. This suggests that AEMs could
have even better results than either Zn or Fe.

4. Conclusions

AIMD simulations reveal atomic-scale processes for GO ther-
mal reduction. It shows that water desorption has much fas-
ter kinetics than that of epoxy. It can also cause the formation
of stable carbonyl defects. As such, thermal reduction is inef-
fective in eliminating residual oxygen groups. On the other
hand, alkali-earth metals are highly effective in reducing GO
not only because it can accelerate oxygen desorption but also
because it can eliminate carbonyl defects to recover perfect
graphene lattice. The physical mechanism for alkali-earth
metal-assisted GO reduction is identified as the relaying of
three charge transfer steps: (a) from Ca to pristine carbon

empty states, (b) from pristine carbon to oxidized carbon,
and (c) from oxidized carbon to oxygen at the reaction site.
Our study offers new insights on how to massive produce
high-quality graphene substrates.
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