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Iodine-doped graphene has been successfully fabricated through a
simple, economical, and scalable approach. The new metal-free
catalyst can exhibit a high catalytic activity, long-term stability, and
an excellent methanol tolerance for the oxygen reduction reaction.

A fuel cell is a clean, high-efficient energy conversion device
that converts the chemical energy from a fuel into electricity
through a chemical reaction with oxygen. However, oxygen
reduction reactions (ORR) with a complex four-electron
transfer process are sluggish in nature and traditionally require
the exclusive use of platinum-based catalysts.! Because of the
high cost, scarce supply and poor durability of Pt, substantial
efforts have been dedicated to improving its performance and
to the search for non-noble metal catalysts (NPMC).>
Recently, various metal-free, N-doped carbon materials,’
including carbon nanotubes and ordered mesoporous graphitic
arrays, have been proposed as potential candidates for replacing
Pt-based catalysts for ORR because they not only exhibit
excellent electrocatalytic activities but also are inexpensive,
durable, and environmentally friendly. Very recently, other
heteroatom-doped carbon materials (e.g., P-doped graphite
layer and B-doped CNTs) have also been shown to possess
pronounced catalytic activity for ORR.* The interesting findings
suggest the possibility of identifying other element-doped graphite
materials with high electrocatalytic activities for ORR.
Graphene, the parent of all graphitic forms, has shown many
intriguing properties, including superior electrical conductivity, a
large surface area, and high chemical stability, and has aroused
considerable interest in a wide range of fields.” Theoretical
calculations have shown that the introduction of heteroatoms
(e.g., N, P and B) into sp*-hybridized carbon frameworks
in graphene is very effective in improving electrochemical
performance of carbon.® According to Hu’s reports involving
the origin of this ORR activity enhancement with the N (or B)
doped carbon materials, breaking the electroneutrality of
graphitic materials between carbon and the dopant would
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create favorable positive charged sites for the side-on O,
surface adsorption, and is very favorable for promoting
ORR _* Iodine has been widely applied in conducting polymers
as an important dopant that improves the electrical conductivity
of materials.” Moreover, it has also been noted that graphene
has a similar conjugate structure to conducting polymers. The
recent research has confirmed that the charge transfer doping
of iodine in few-layer graphene has been achieved as an
intercalated layer with a post deposition process.® These
above-mentioned factors motivated us to explore the use of
graphenes doped with iodine as electrocatalysts for ORR.
Recently, some investigations involving the preparation of
iodine-doped carbon materials have been reported,® but the
research into iodine-doped graphenes as ORR catalysts in FCs
is rare.

Herein, we introduce a simple, economical, and scalable
route for the fabrication of iodine-doped graphene (I-graphene).
The structure of the I-graphene was characterized through
X-ray photoelectron spectroscopy (XPS) and Raman spectro-
scopy. The electrocatalytic performances show that the I-graphene
can exhibit better catalytic activity and long-term stability than a
commercial Pt/C catalyst. Our work not only successfully
creates a new type of NPMC with excellent electrocatalytic
activity but also provides further insights into the ORR
mechanism with metal-free doped carbon materials.

The experimental scheme for I-graphene preparation is
illustrated in Fig. 1. Briefly, I-graphenes were prepared by
annealing graphene oxide (GO) and iodine at 500-1100 °C in
argon. The contents and bonding configurations of iodine in
these I-graphenes can be adjusted by varying either the mass
ratios of GO and iodine or the annealing temperature. As a
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Fig. 1 Schematic illustration of I-graphene preparation.
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Fig.2 (a) TEM of I-graphene-900, (b) XPS survey spectra and
(c) high-resolution I34 spectra of GO, Graphene-900, GO + I,
Graphene-900 + I, and I-graphene-900, (d) Raman spectra of
Graphene-900, Graphene-900 + I, and I-graphene-900.

control experiment, GO without an iodine dopant was treated
under the same conditions. The resulting materials are denoted
graphene-500, I-graphene-500, graphene-700, I-graphene-700,
graphene-900, I-graphene-900, graphene-1100, and I-graphene-
1100. Their physical parameters, electrochemical properties, and
corresponding experimental data are listed in Table S1 (ESI).

Fig. 2a presents a typical TEM image of I-graphene-900. It
can be seen from Fig. 2a that the material is transparent, with
a wrinkled and voile-like feature. The XPS survey spectrum of
I-graphene-900 in Fig. 2b reveals a predominant C;s peak
(284.5 eV), an Oy, peak (532.0 eV) and two I34 peaks (~619.5¢V,
~631.9 eV), which confirm the presence of elemental iodine
in I-graphene-900. The iodine-bonding configurations can be
seen from XPS high-resolution I34 spectra as shown in Fig. 2c.
Unlike the I3q s peaks for Graphene-900 + I, (mixture of
Graphene-900 and 1) and GO + I, (mixture of GO and L,), the
134 5> for I-graphene-900 appears as two split peaks, at 618.6 and
620.2 eV, which can be attributed to triiodide (I3~) and penta-
iodide (I57), respectively.” The Raman spectroscopy in Fig. 2d
shows that the G peaks of I-graphene-900 samples up-shifted to
1594 cm™", compared to the Graphene-900’s peak at 1588 cm™".
This result is coincident with the previous report involving
I-doped graphene and is an important characteristic of p-type
surface transfer doping of graphene.® At lower wave numbers,
two new Raman peaks at 117 cm™! and 154 cm™! can be
observed for I-graphene-900 compared with Graphene-900,
which should be assigned to I;~ and I5~, respectively.”® On the
other hand, there is no Raman peak corresponding to molecular
iodine (181 cm™!), which further negates the possibility of
physical accumulation of molecular iodine on the doped graphene
surface. The Raman and XPS results are very similar with
Kalita’s report involving I-doped graphene,® and confirmed that
iodine doping of graphene can be achieved using our approach,
and the electron transfer between atomic iodine and graphene
surface induces the presence of polyiodides with negative
charge (I;~ and Is") and graphene with positive charge. Fig. 1b
shows the structure scheme of the I-graphene. According to
previous reports,* we speculate that the positive charge is very
favorable for adsorbing O, onto the surface of graphene and then
promoting ORR.
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Fig. 3 (a, ¢) Cyclic voltammograms for various graphenes, (b, d)
LSV curves for various graphenes and a Pt/C catalyst on a glass
carbon rotating disk electrode saturated in O, at a scan rate of 10 mV s~
and a rotation rate of 1600 rpm.

The electrocatalytic activities of the graphene samples were
evaluated using cyclic voltammetry (CV) measurements in
0.1 M KOH solution saturated with N, or O,. Fig. 3a clearly
shows the ORR peaks for all of the samples (GO, GO + I,
Graphene-900, Graphene-900 + I, and I-graphene-900) in
O,-saturated conditions. For the GO electrode, a single
cathodic reduction peak is present at —0.38 V. After the
addition of pure iodine molecules, no noticeable change was
observed in the ORR peak potential and current for the
GO + I, electrode, compared to the GO electrode. A similar
phenomenon can also be observed for the Graphene-900 and
Graphene-900 + I, electrodes. Furthermore, from Fig. 3a, it
can be also found that I-graphene-900 shows the highest peak
current and the most positive ORR peak potential in all the
graphene materials. The results suggest that the simple physical
accumulation of molecular iodine on the doped graphene surface
is not helpful for enhancing the ORR activity of graphene, while
iodine surface transfer doping may be a very effective strategy.

To gain further insight into ORRs with these graphene
samples, linear sweep voltammetry (LSV) measurements were
performed on a rotating-disk electrode (RDE) in O,-saturated
0.1 M KOH at a rotation rate of 1600 rpm. As a control, we
also performed the LSV measurement for a commercial Pt/C
electrocatalyst. As shown in Fig. 3b, it can be seen that the
I-graphene-900 had the most positive onset potentials and
highest current density amongst the graphene materials. This
result is in agreement with the CV observations and further
confirms that I doping can significantly enhance the ORR
catalytic activity of graphene. Furthermore, from Fig. 3b, we
can also observe that the onset potential for I-graphene-900 is
close to that of the Pt/C catalyst and that its current density is
higher than that of the Pt/C catalyst. These results suggest that
the ORR catalytic activity of I-graphene-900 is better than
that of commercial Pt/C catalysts. To further prove the role of
I-graphene-900 throughout the ORR electrochemical process,
we also performed RDE measurements at various rotating speeds.
The limited diffusion current densities (J; ) depend on the rotation
rates, and the number of electron transfers (n) involved in the
ORR can be calculated from the Koutecky-Levich equation
(see Fig. SI and Table S1, ESIT).> The number of electron
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transfers for I-graphene-900 was calculated to be 3.86 at —0.30 V,
which indicates a four-electron-transfer reaction. The calculated
limited-kinetics current density (Ji) value is 9.21 mA cm™> at
—0.30 V. The electrocatalytic activity of I-graphene-900 is
comparable to those of non-precious metal catalysts (e.g. N-doped
CNTs, Co304/N-graphene) in an alkaline electrolyte.>* The above
results further confirm that I-graphene-900 is a promising
metal-free NPMC with high catalytic activity for ORR.

The stabilities and possible crossover effects of catalytic
materials are also very important for practical applications.
Therefore, the electrocatalytic selectivity of I-graphene-900
was measured versus the electro-oxidation of methanol. It
can be seen from Fig. S2a (ESI{) that after the addition of
3 M methanol to a 0.1 M KOH solution saturated with O,, no
noticeable change was observed in the ORR current at the
I-graphene-900 electrode. This indicates that the I-graphene-900
bears a high selectivity towards the ORR and has a good ability
for avoiding crossover effects. The durabilities of the I-graphene-
900 and Pt/C catalysts were compared. The catalysts were held
at —0.30 V for 18000 s in an O, saturated 0.1 M KOH
solution, at an agitation rate of 1600 rpm. From Fig. S2b
(ESIt), it can be seen that the I-graphene-900 exhibited a very
slow decrease and a high relative current of 83.1% after
18000 s. In contrast, the Pt/C electrode exhibits a gradual
decrease, with a current loss of approximately 70.5% after
18000 s. These results confirm that I-graphene-900 is highly
promising for use in methanol and alkaline fuel cells.

As a control experiment, the influence of the annealing
temperature on the electrocatalytic properties of the graphenes
was further explored because the pyrolysis temperature can
significantly affect the amounts of I elemental compositions
and bonding configurations. Fig. 3c and d show the CV and
LSV measurement curves for graphene samples obtained at
500-1100 °C. In addition, their physical parameters, corres-
ponding experimental data, and electrochemical activity data
are listed in Table S1 (ESIt). From Fig. 3¢, it can be found
that the doped graphene obtained at 900 °C (I-graphene-900)
shows the highest peak current and most positive ORR peak
potential of all the graphene samples. The results of LSV
measurement shown in Fig. 3d also support the CV observations
and all the observations strongly indicate that I-graphene-900
holds the most outstanding ORR activity amongst the graphene
samples. To further elucidate the correlations among the
structures, compositions, and catalytic activities of these
I-graphenes obtained at different annealing temperatures, the
high-resolution XPS (Fig. S3, ESI¥) correlated with their
corresponding electrochemical data were again analyzed.
Remarkably, from Fig. S3 (ESIt), we find that the shape
of the I34 peaks significantly changes when the pyrolysis
temperature is changed, thus suggesting that different amounts
of I-bonding configurations are formed at different temperatures.
In Table S1 (ESIf), it is noted that I-graphene-500 and
I-graphene-700 had higher iodine content than that of
I-graphene-900 but actually exhibited lower selectivity and
catalytic activity. This indicates that the iodine content is
not the only factor in determining the electrochemical perfor-
mance. In association with our XPS analysis of the graphenes
shown in Table S1 and Fig. S3 (ESIY), with the increase of

pyrolysis temperature from 500 to 900 °C, Is~ can be transformed
into I3, albeit with a decrease in overall iodine content from
1.21 to 1.05 wt%. These suggest that I;~ has a higher catalytic
activity for ORR than I5s™. It may be due to that I3~ has higher
a negative charge density than I5s™, can induce relatively higher
positive charge density on the graphene surface, and promote
the reaction to reduce oxygen to OH™. Moreover, with the
sequential increase of annealing temperature from 900 to 1100 °C,
we find that the content of proportion of I3~ remains little
changed, while the overall iodine content clearly decreases. This
may be a prime cause for the lower activity of I-graphene-1100
compared to that of I-graphene-900.

In summary, we have reported a new kind of metal-free
I-graphene catalyst, fabricated through a simple, economical,
and scalable approach, which boasts a greater ORR electro-
catalytic activity than that of current commercial Pt/C catalysts.
It also exhibits long-term stability and an excellent resistance
to crossover effects for ORRs. Furthermore, our study indicates
that the formation of the I3~ structure plays a crucial role for
enhancement of the ORR activity of graphene. We believe that
iodine-doped carbon materials with a high proportion of 15~
structure prepared through using our or other methods should
have even higher electrocatalytic activity for ORR. This new
type of heterodoped structure not only enriches the groups
involving metal-free ORR catalysts, but also provides more
useful information to further clarify the ORR mechanisms of
doped carbon materials.
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