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ABSTRACT: The development of unique, reliable, and scalable synthesis strategies
for producing heteroatom-doped nanostructured carbon materials with improved
activity toward the electrochemical oxygen reduction reaction (ORR) occurring in
metal—air batteries and fuel cells presents an intriguing technological challenge in the
field of catalysis. Herein, we prepare unique graphene—carbon nanotube composites
(GC) doped sequentially with both nitrogen and sulfur (GC-NLS) and subject them
to extensive physicochemical characterization and electrochemical evaluation toward
the ORR in an alkaline electrolyte. GC-NLS provides ORR onset potential increases
of 50 and 70 mV in comparison to those of dual-doped individual graphene and
carbon nanotubes, respectively. This highlights the significant synergistic effects that
arise because of the nanocomposite arrangement, consisting of highly graphitized
carbon nanotubes assembled on the surface of graphene sheets. The addition of sulfur
as a co-dopant is also highly beneficial, providing an 80 mV increase in the ORR onset
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potential in comparison to that of GC nanocomposites doped with only nitrogen. Excellent electrochemical stability of GC-NLS
is also observed through 5000 electrode potential cycles, indicating the promising potential of this new class of dual-doped GC

nanocomposites as ORR catalysts.
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Bl INTRODUCTION

Overcoming the inherently sluggish oxygen reduction reaction
(ORR) kinetics is a primary technological challenge to
improving the performance of fuel cells and metal—air batteries
to practical levels.' To accomplish this, significant reliance on
highly active platinum-based catalysts is maintained, despite the
economic drawbacks, including excessive cost and monopolized
supply. The development and validation of unique platinum-
free electrocatalysts with high catalytic activity toward the ORR
is a necessity and would perpetuate commercialization efforts
for these clean operating and efficient electrochemical devices.

Nanostructured graphitic carbons such as graphene and
carbon nanotubes (CNTs) have been the subject of intense
research efforts recently because of their unique physical,
chemical, and electronic properties. Numerous studies have
focused on the development of innovative synthesis strategies
for forming composites or fine-tuning the material properties,
offering a portfolio of highly attractive functional materials for
electrochemical ipplications such as batteries, fuel cells, and
supercapacitors.”*"® Graphene or CNTs particularly serve as
suitable platforms for hosting highly active ORR surface
moieties,””® with increased turnover frequencies generally
imparted by “doping” with heteroatoms such as nitrogen,
boron, phosphorus, and sulfur.” Nitrogen-doped graphene
(NG)'*7'¢ or CNTs (NCNTs)'”"** have traditionally been
the most extensively investigated, although practical synthesis
strategies that can provide improved ORR activity are still
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required, albeit challenging. Recently, activity enhancements
have been realized by the incorporation of a second
heteroatomic dopant atom.**”** Additionally, combining
heteroatom-doped graphene and CNTs into a nanocomposite
arrangement has been demonstrated to be beneficial for ORR
catalysis.>° > This is due to the synergistic contributions of
each constituent, namely, the large surface areas and tunable
surface chemistries of graphene,”** and the interconnected and
highly conductive three-dimensional architectures induced by
the CNTs.>® Despite the significant promise of these
complementary configurations, only limited efforts have
focused on the preparation and development of new
graphene—CNT (GC) arrangements and have been confined
to nitrogen doping.

In this study, we report the development of unique nitrogen-
and sulfur-doped GC nanocomposites by a sequential doping
process that provides enhanced activity and excellent stability
toward the ORR in alkaline media. Adapted on the basis of a
technique demonstrated to be beneficial to nitrogen- and
boron-doped graphene catalysts,*® the sequential doping
process uses GC consisting of graphene oxide (GO) and
CNTs. This preparation technique was selected to avoid
complicated chemical vapor deposition processes and to
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Figure 2. SEM images of (a) GC, (b) GC-NL, and (c) GC-NLS. (d) Yield of each step in the synthesis process.

circumvent the strong etching behavior,* incompatibility with
co-dopants, and reduced nitrogen contents associated with
high-temperature (700—1000 °C) ammonia treatments. The
first step consists of a relatively low-temperature (500 °C)
ammonia treatment for nitrogen doping of GC (GC-NL, L
stands for low temperature), followed by mixing with phenyl
disulfide (PDS) in a 1:5 (w/w) ratio (GC-NL to PDS) and
heat treatment at 900 °C in argon for subsequent sulfur doping
(GC-NLS). We exclusively demonstrate the beneficial ORR
enhancements provided by this particular co-dopant arrange-
ment, along with the advantageous nanocomposite config-

uration.
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B EXPERIMENTAL METHODS

Synthesis of the GC Nanocomposite. GO was prepared
using an improved Hummers method reported previously.®
Commercial CNTs were oxidized (O-CNTs) by being refluxed
in 6 M nitric acid and subsequently washed.** GO and O-
CNTs [S:1 (w/w)] were then physically mixed by sonication in
acetone for 8 h while the water temperature in the sonicator
was kept at ~10 °C by the addition of ice. Acetone was then
allowed to evaporate from the solution, and the graphene—
carbon nanotube (GC) nanocomposites were collected for
further processing.

Sequential Doping of GC-NLS. GC-NL was prepared by
heating GC in a tube furnace at § °C min~! to 500 °C, where it
was held for 5 h under ammonia (60 sccm) and argon (140
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Figure 3. (a) TEM images of the GC-NLS showing the structure of intact graphene sheets with (b) highly graphitized CNTs assembled on the

surface.

sccm) flows. The collected GC-NL was then physically ground
with PDS [1:5 (w/w)] using a mortar and pestel and then
pyrolyzed under pure argon at 900 °C for S h using the same
heating rate that was used for the first step. For the purpose of
comparison, a high-temperature (900 °C) initial ammonia
treatment of GC was used to prepare GC-NH (where H stands
for high-temperature treatment) and sequential sulfur doping
(GC-NHS).

Synthesis of Comparison Materials. Several materials
were prepared to provide comparison with the developed GC-
NLS. First, GC-NL900 was prepared by heat treating GC-NL
directly at 900 °C under argon. Nitrogen- and sulfur-doped
graphene (G-NLS) and CNTs (C-NLS) were prepared by the
same procedure that was used for GC-NLS, albeit using only
individual GO and O-CNTs, respectively, as the starting
materials. Sulfur-doped GC-S was prepared in the absence of
any ammonia treatment by mixing GC and PDS in a 1:5 (w/w)
ratio followed by pyrolysis under argon at 900 °C for S h.
Finally, nitrogen- and boron-doped GC (GC-NLB) was
prepared by a previously reported method,*® which involves
heat treating GC-NL with boric acid as the boron dopant
source.

Electrochemical Characterization. Rotating disc elec-
trode (RDE) testing was conducted to evaluate ORR activity.
Four milligrams of catalyst was dispersed in 1 mL of an
ethanol/DDI water [75:25 (v/v)] ink containing 0.05 wt %
Nafion and 2 mg of Ketjenblack EC-600] carbon that helps to
increase the level of dispersion of the catalyst in the ink and on
the electrodes. Twenty microliters of the ink mixture was then
deposited on a 0.19635 cm® electrode. Testing was conducted
in 0.1 M KOH at room temperature and conducted by
sweeping the electrode potential from 1.0S to 0.1 V versus the
reversible hydrogen electrode (RHE) (10 mV s™') under
oxygen saturation. Accelerated durability testing (ADT) was
conducted by cycling the electrode potential 5000 times
between 0.6 and 1.0 V vs RHE under nitrogen saturation.

B RESULTS AND DISCUSSION

The overall sequential doping process for preparing GC-NLS
nanocomposites sequentially doped with nitrogen and sulfur is
illustrated in Figure 1. Minimal changes to the structure of GC
(Figure 2a) are observed through scanning electron microscopy
(SEM) after nitrogen doping (Figure 2b), and again after
subsequent sulfur doping (Figure 2c). All samples display
CNTs assembled on the surface of graphene, ideal for
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preventing sheet restacking during thermal reduction, and
resulting in a well-integrated three-dimensional architecture.

A significant benefit of the fairly low-temperature (500 °C)
ammonia treatment is highlighted by the yields of each
individual synthesis step (Figure 2d), which was calculated
taking into account only the GC-based precursors (ie. the
mass of the PDS precursor was omitted). More than 49% of the
materials were recovered for GC-NL preparation, with the
majority of the weight loss was attributed to the loss of oxygen
species from GO during ammonia treatment.”” Using 900 °C
to dope GC-NH, however, resulted in a yield of only 3.8%,
attributed to the powerful etching capabilities of ammonia at
these elevated temperatures.>> SEM imaging supports this claim
(Figure S1 of the Supporting Information), whereby minimal
graphene content remained and structural breakdown of some
CNTs was observed. The morphological benefits of the GC-
NLS were corroborated via transmission electron microscopy
(TEM) imaging (Figure 3) that demonstrates intact graphene
sheets with CNTs assembled on the surface, consistent with
SEM results.

X-ray photoelectron spectroscopy (XPS) indicates successful
nitrogen doping by ammonia treatment, with high-resolution N
Is spectra for GC-NL, GC-NLS, and GC-NH provided in
panels a—c of Figure 4, respectively. Each signal was
deconvoluted into four peaks arising from pyridinic-N (398.5
eV), pyrrolic-N (400.1 eV), §raphitic-N (401.6 eV), and
oxidized-N (405.1 V) species.”’ GC-NL possesses a nitrogen
surface concentration of 5.75 atom %, consistent with previous
studies reporting nitrogen contents between ~5.0 and 5.7 atom
%, after treating GO by a similar process.”**” Conversely, the
nitrogen content of GC-NH is reduced (3.71 atom %),
consistent with the same reports indicating lower nitrogen
contents at increasing temperatures.%’37 After sulfur doping,
the nitrogen content of GC-NLS drops significantly to 2.03
atom %, in agreement with the trend often observed with the
addition of a second dopant atom.**?®** The relative
proportion of graphitic nitrogen in GC-NLS after nitrogen
doping is also increased, highlighting the favorable existence of
this species at elevated heat treatment temperatures.”””’
Significant debate regarding the exact nitrogen species
responsible for inducing ORR activity remains in the scientific
literature.' While some reports attribute ORR activity to the
presence of edge;}glane—residing nitrogen moieties (i.e.,
pyridinic/pyrrolic),***" others have linked ORR activity
observations to increased graphitic nitrogen contents.*>*
The increased relative graphitic content of GC-NLS may play
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Figure 4. N 1s spectra of (a) GC-NL, (b) GC-NLS, and (c) GC-NH.
(d) S 2p spectra of GC-NLS. (e) C 1s spectra and (f) Raman spectra
of GC-NL, GC-NLS, and GC-NH.

a role influencing the ORR kinetics; however, further
investigations are required in the scientific community to
elucidate the exact role of various dopant species.

The incorporation of sulfur into GC-NLS is evidenced by the
emergence of the S 2p doublet peaks located at 163.9 and 165.1
eV (Figure 4d). This indicates that sulfur resides primarily in
the thiophenic arrangement,***** with no clear presence of
other sulfur species except for oxidized sulfur indicated by the
peak at higher binding energies (~168.7 eV).*>** The sulfur
content of GC-NLS is only ~0.23 atom %, a value lower than
the sulfur content of 2.88 atom % reported by Liu et al.** for a
templated nitrogen- and sulfur-doped carbon foam prepared
using thiourea and glucose. This suggests that increased dopant
contents can be obtained when heteroatom-containing
precursors are used directly during nanostructured carbon
formation. Additionally, the sulfur content of GC-NLS is
significantly lower than the range of 1.30—1.53 atom %
reported by Yang et al.** for GO heat-treated with benzyl
disulfide. We attribute this to the fact that the incorporation of
sulfur into structures such as partially or completely reduced
graphene and CNTs is difficult,®® particularly in comparison to
that of GO with highly tunable surface functional species. This
is supported by the results of GC-S preparation conducted by
heat-treating (900 °C) a mixture of GC and PDS in argon
directly that yields a sulfur content of 1.10 atom % (Figure S2
of the Supporting Information). Notwithstanding the relatively
low sulfur content of GC-NLS, the synergistic effect toward the
ORR is undeniable, as discussed below.

C 1s spectra obtained for GC-NL, GC-NLS, and GC-NH are
displayed in Figure 4e, whereby the full widths at half-maximum
(fwhms) are commonly used to quantify surface structural
disorder.*”*® The C 1s fwhm for GC-NL (0.908) increases only
slightly after sulfur doping (0.912), indicating that in terms of
surface disorder, the incorporation of a second adatom has a
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Figure 5. ORR activity of (a) GC-NH, GC-NL, GC-NHS, and GC-NLS in a 0.1 M KOH electrolyte with a 1600 rpm electrode rotation and 10 mV
s™! scan rate. (b) Evidence of the beneficial synergistic effect of GC-NLS in comparison to G-NLS and C-NLS. (c) Koutecky—Levich plots for GC-
NLS at different electrode potentials. Calculated lines for n = 2 and n = 4 are shown for comparison. (d) ORR activity (900 rpm) before and after
ADT consisting of 5000 cycles between 0.6 and 1.0 V vs RHE under nitrogen saturation.
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trade-off effect with the structural reorganization occurring at
elevated temperatures. High-temperature ammonia-treated GC-
NH demonstrates a lower C 1s fwhm (0.772) and a reduced
level of surface disorder, in agreement with previously reported
observations.”” This is most likely due to an increased level of
GO reduction at higher temperatures and preferential etching
of ammonia toward disordered carbon species.>®

Raman spectra of these graphitic materials (Figure 4f) display
the characteristic D-band (1330 cm™), G-band (1560 cm™),
and 2D-band (2667 cm™). Interestingly, the I,/I; band ratios
used to gauge structural disorder'” are virtually unchanged for
all three materials and significantly lower than values commonly
reported for doped graphene (Ip/Ig > 1).'%""**%¢ This leads us
to believe that the Raman signal arises primarily from the
CNTs residing on the graphene surfaces, which still maintain
their highly graphitic character through the stepwise doping
process, as imaged through high-resolution TEM (Figure 3b).

ORR activities measured by RDE testing in 0.1 M KOH are
displayed in Figure Sa and evaluated ORR kinetic parameters,
including onset potentials (potential at which i = 0.1 mA
cm™2),* half-wave potentials (E,/,), and diffusion-limited
currents (i ), summarized in Table 1. The beneficial impact

Table 1. ORR Kinetic Parameters for the Various Catalysts
Investigated in This Study

ORR onset potential (V vs Ey, (Vs
catalyst RHE)“ RHE) i
GC-NH 0.79 0.71 -3.19
GC-NB 0.78 0.69 —4.38
GC-NL 0.77 0.66 —4.50
GC-NHS 0.85 0.72 —-3.73
GC-NLS 0.85 0.72 —4.80
GC-S 0.58 0.49 —1.51
GC-NL900 0.81 0.67 —4.51
G-NLS 0.78 0.67 —4.22
C-NLS 0.80 0.69 —4.00

“Potential at which the ORR current density is 0.1 mA cm™2 "Taken
as the average of current densities from 0.2 to 0.4 V vs RHE.

of sulfur addition is apparent, whereby the onset potential and
E ), of GC-NLS increase by 80 and 60 mV, respectively, in
comparison to those of GC-NL. A similar beneficial impact of
sulfur doping is observed in the case of GC-NHS, exhibiting
increasesin the onset potential and E;;, of 60 and 10 mV,
respectively, relative to those of GC-NH. Notably, the fairly
low-temperature ammonia treatment marks advantages in
terms of electrochemical ORR performance. The ORR onset
potential values on GC-NLS and GC-NHS are nearly identical
(0.85 V vs RHE), suggesting similar active site structures in
each catalyst; however, the current densities measured with
GC-NLS in the mixed kinetic/mass transport limited region
and at lower electrode potentials are significantly higher than
those of GC-NHS. This highlights the fact that the low-
temperature ammonia treatment serves to strike a balance
among inherent ORR kinetics, active site densities, and catalyst
morphology. Figure Sb also provides the ORR performance of
GC-NLS in comparison to those of double-doped graphene
(G-NLS) and CNTs (C-NLS) prepared by similar procedures,
with SEM images and Raman spectra of these materials
provided in Figures S3 and S4 of the Supporting Information,
respectively. The ORR current density at GC-NLS is higher
than that at G-NLS and C-NLS throughout the entire potential
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range investigated. The ORR onset potentials are 0.85, 0.80,
and 0.78 V vs RHE, respectively, making readily apparent the
benefits of the unique nanocomposite arrangement. This
arrangement combines the ideal properties of graphene,
including large surface areas and ease of functionalization,”*
with those of carbon nanotubes, including forming inter-
connecting networks and acting as spacers to prevent graphene
sheet restacking.®

For GC-NLS, the increased mass transport limited current
density in comparison to other materials investigated in this
work indicates improved selectivity toward the efficient four-
electron reduction of oxygen. Furthermore, the well-defined
current density plateau at potentials below ~0.6 V vs RHE
indicates that the selectivity is not significantly changing as a
function of electrode potential. Indeed, Koutecky—Levich plots
of GC-NLS (Figure Sc) were prepared on the basis of
polarization curves from various electrode rotation rates
(Figure SS of the Supporting Information) and were used to
calculate the number of electrons transferred in the ORR to be
between 3.6 and 3.8 over the range of potentials investigated.
This indicates the consistent propensity of GC-NLS to
preferentially reduce oxygen by the efficient four-electron
process that has practical importance for metal—air battery and
fuel cell performance. Furthermore, the stability of GC-NLS
was investigated by accelerated degradation testing (ADT).
After 5000 cycles between 0.6 and 1.0 V vs RHE, i; was found
to decrease slightly (Figure Sd), a commonly observed
phenomenon thought to arise from electrode morphology
chamges.50 The ORR kinetics are, however, not adversely
affected (Figure Sd, inset), whereas commercial Pt/C (TKX, 15
ug of Pt cm™) displays a minor (~15 mV) loss of onset and
half-wave potential under identical conditions (Figure S6 of the
Supporting Information). This indicates the excellent active site
stability of GC-NLS under the potentiodynamic conditions of
ADT.

As a 900 °C heat treatment was used for sulfur doping of
GC-NLS, it is prudent to ensure that the beneficial ORR
enhancements arose due to sulfur doping, and not from the
structure- and surface-induced changes to GC-NL occurring at
this elevated temperature. To accomplish this, as-prepared GC-
NL was heat-treated at 900 °C in argon (GC-NL900). A slight
increase in ORR activity (Figure S7 of the Supporting
Information) is observed; however, the activity of GC-NL900
is still inferior to that of GC-NLS, highlighting the fact that
sulfur indeed plays an important role in facilitating the ORR.
While trace Mn residues from GO synthesis cannot be
exclusively neglected, the significantly improved performance
of GC-NLS in comparison to that the other materials prepared
in this work, along with trace Mn-based catalysts reported
recently,”* provides an indication that activity enhancements
primarily arise due to the synergistic GC composite arrange-
ment and the sequential double doping procedure utilized. In
terms of providing ORR activity, it has been suggested for
NCNTs that the electronegativity of the nitrogen atoms
induces a positive charge density on neighboring carbon atoms,
enhancing oxygen adsorption and reactivity.’”> On the other
hand, sulfur possesses an electronegativity very similar to that of
carbon and thereby likely contributes to ORR activity in a very
different way. Using computational simulations, Liang et al.**
suggested that the interplay between the nitrogen and sulfur
dopants leads to an increase in the spin and charge density of
atoms present in graphene and by extension to an increase in
ORR activity. Furthermore, it is expected that the presence of
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five-membered ring thiophenic sulfur results in an increased
level of exposure of edge-plane carbon that has also been linked
to ORR activity.*"> While both of these factors likely
contribute to the ORR activity of GC-NLS, detailed computa-
tional simulations linked to surface sensitive probing techniques
and electrochemical results are still necessary to elucidate the
underlying mechanistic improvements.

Beyond the enhancements already presented, the sequential
doping process of nitrogen and sulfur also provides other
notable advantages. Attempts to simultaneously nitrogen and
sulfur dope GC were largely unsuccessful, resulting in negligible
product yields. Doping with only sulfur (GC-S) resulted in very
limited ORR activity (Figure S8 of the Supporting
Information). Also prepared were GC nanocomposites doped
with nitrogen and boron (GC-NLB) in a stepwise fashion, as
reported in the pioneering work of Zheng et al” (Figure S9 of
the Supporting Information). While the activity of these
materials is improved relative to that of GC-NL, the ORR onset
potential and E, , are 70 and 30 mV lower on GC-NLB than on
GC-NLS, respectively, highlighting the fact that sulfur is a more
attractive co-dopant in this case.

B CONCLUSIONS

In summary, we report the development of nitrogen- and
sulfur-doped graphene—CNT nanocomposites prepared by a
unique and scalable sequential doping process. Electrochemical
evaluations revealed excellent electrochemical stability, along
with significant ORR activity improvements linked to the
incorporation of sulfur as a co-dopant, and synergistic
enhancements provided by the nanocomposite arrangement.
This paper therefore presents a new synthesis strategy for
preparing double-doped nanostructured graphene—CNT com-
posites with increased activity and electrochemical stability for
the ORR, a process of practical importance in electrochemical
energy technologies such as fuel cells and batteries.
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