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ABSTRACT: 3D graphene-based materials oﬀer immense potentials
to overcome the challenges related to the functionality, performance,
cost, and stability of fuel cell electrocatalysts. Herein, a nitrogen (N)
and sulfur (S) dual-doped 3D porous graphene catalyst is synthesized
via a single-row pyrolysis using biomass as solitary source for both N
and S, and structure directing agent. The thermochemical reaction of
biomass functional groups with graphene oxide facilitates in situ
generation of reactive N and S species, stimulating the graphene
layers to reorganize into a trimodal 3D porous assembly. The
resultant catalyst exhibits high ORR and OER performance superior
to similar materials obtained through toxic chemicals and multistep
routes. Its stability and tolerance to CO and methanol oxidation
molecules are far superior to commercial Pt/C. The dynamics
governing the structural transformation and the enhanced catalytic
activity in both alkaline and acidic media are discussed. This work oﬀers a unique approach for rapid synthesis of a dualheteroatom doped 3D porous-graphene-architecture for wider applications.
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also been employed.13 Despite that such strategies involve
multisynthesis steps and costly or environmentally harmful
chemical precursors, the amount of dopants and the resultant
catalytic performance are often limited. Therefore, large
quantities of ammonia or nitrogen are often employed to
boost-up the concentration of doped-N, with similar strategies
for other heteroatoms. Due to lack of suitable replacement for
noble-metal based catalysts with cheaper, durable and more
eﬃcient non-noble materials, as well as the need for facile and
environmentally benign methods, natural materials are being
exploited. For example, ginkgo leaves,14 seaweed,15 eggs,16
bacterial cellulose,17 animal blood,18 and liver,19 have been
explored for synthesis of metal-free catalysts. However, the
doped-heteroatoms are still sourced from toxic reagents via
complicated routes. Nonetheless, the catalytic properties of
such dual-heteroatom doped NCFs are particularly promising.
Besides fuel cells, heteroatom doped graphene materials have
shown remarkable performance in lithium-ion batteries,10
supercapacitors,20 and dye-sensitized solar cells.21 Both density
functional theory (DFT) and ﬁrst-principle analyses have

INTRODUCTION
Fuel cell electrocatalysts based on heteroatoms (N, S, P, B, etc.)
modiﬁed nanocarbon frameworks (H-NCFs) are being
rigorously researched due to their attractive electrocatalytic
properties. The intrinsic and tunable surface properties,
chemical reactivity, and high electron mobility are key
appealing features of H-NCFs based materials. In addition,
H-NCFs have shown improved durability with excellent
resistance toward CO poisoning and intermediate products of
fuel oxidation as compared to precious-metal-based catalysts,
thus, oﬀering the opportunity to develop highly eﬃcient metalfree electrocatalysts at low-cost.1−4 Experimental and theoretical studies have demonstrated that doping graphene networks
with heteroatoms can ﬁne-tune the electronic properties and
signiﬁcantly improve kinetic activity toward oxygen reduction,
for which the electronegativity of nitrogen induces a positive
charge density on neighboring carbon atoms to enhance oxygen
adsorption and reactivity.5−7 The feasible synthesis of NCFs
with controllable architectures at diﬀerent length scales and the
incorporation of heteroatoms are being widely researched,
often by using various toxic chemical precursors including ionic
liquids,8 thiourea,9,10 phenyldisulﬁde/ammonia,6 polyaniline/
phytic acid,11 and polypyrrole.12 Various complex strategies
including plasma etching and chemical vapor deposition have
© 2016 American Chemical Society
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Figure 1. Schematic illustration of the formation of NSG: (stage 1) Homogeneous mixture of graphene oxide and horn, (stage 2) disintegration/
release of cysteine moieties and coverage of GO surface leading to reaction of functional groups, eviction of gaseous species, and the formation of S
and N containing moieties (e.g., H2S, NH3, etc.), and (stage 3) doping of N and S into the graphene carbon network.

vividly shown that the required formation energy to
simultaneously dope both nitrogen and sulfur into graphene
carbon networks is less than the total energy required for
separate doping of the individual atoms,22,23 implying that
simultaneous doping has a synergistic advantage over sequential
doping. The synergy between N and S signiﬁcantly enhances
the electronic properties with an increase in charge densities, as
well as enhances oxygen adsorption and reactivity.22−24 Of
particular interest are porous graphene frameworks with
accessible 3D architecture and interconnected pores (e.g.,
sponges, aerogels, and foams) which possess large surface area,
good porosity, low density, high electrical conductivity, and
improved diﬀusion/mass transport properties that can signiﬁcantly enhance catalytic activity. However, such porous
frameworks are often prepared by a strategy of sacriﬁcialtemplates whereby the templates are eliminated by strong
chemical etching,25 further complicating the synthesis process,
the processing-time and cost. Besides, template-fragments may
still be retained after etching owing to graphitic conﬁnements
and may have uncontrollable inﬂuence on the catalytic
properties. Therefore, developing a protocol for facile and
rapid synthesis of 3D porous graphene frameworks is a high
priority. A promising nontemplate strategy to rapidly synthesize
such porous frameworks can be achieved via an in situ
stimulation of the graphene sheets to expand and self-assemble
along the edges by a sheet-to-sheet linkage.
Herein, for the ﬁrst time, this concept is adopted to
synthesize N, S cofunctionalized 3D porous graphene through a
direct solid-state reaction. The catalyst is prepared via a singlerow pyrolysis of a mixture of graphene oxide and biomass in
which the biomass functional groups serve as self-contained
source for both N and S, as well as inﬂuence the reduction and
structural formation processes. The resultant catalyst is

extensively characterized to determine the physicochemical
phases, morphology, and structure, as well as carefully evaluated
for the ORR and OER properties in both alkaline and acidic
media. This work highlights the signiﬁcance of simultaneous
doping dual-heteroatoms from a single nonchemical source
with improved catalytic properties. Thus, the approach oﬀers a
strategic consideration of precursor selection for the design and
rapid synthesis of the next-generation of H-NCFs.

■

EXPERIMENTAL SECTION

Materials and Reagents. Horn, as waste biomass, is widely
available at virtually no cost or harm to the environment or humans. It
is biochemically composed of keratin, which naturally contains the N/
S-containing amino acid (cysteine). Such a cysteine-containing
biomass was chosen due to its N and S functional groups, nontoxicity,
low-cost, large scale availability, and compatible chemical reactivity
with graphene oxide to generate massive quantities of gaseous species
which can induce the formation of porous structures. Herein, a fresh
sheep-horn (Hn) was acquired locally and thoroughly washed with
copious amount of water to eliminate any physical contaminants. The
core and outermost layer were carefully peeled oﬀ and the
intermediate layer was used for the experiment. High purity graphite
ﬂakes (99.9% purity), as well as supplementary analytical grade
reagents including KMnO4, H3PO4, HCl, H2SO4, and methanol were
obtained from Sinopharm Chem. Reagent Co. Ltd., China. L-Cysteine
(>98%) Aladin, China. Commercial Pt/C (20 wt %) and IrO2 were
acquired from Johnson Marttey and Shaanxi Kaida Che. Eng. Co. Ltd.,
China, respectively. Deionized water (resistivity ≥ 18 Ωcm−1) was
obtained from an ultrapure water puriﬁcation system (Ulupure,
China).
Preparation of N, S Dual-Doped 3D Porous Graphene. To
avoid complexity, the nitrogen and sulfur dual-doped 3D porous
graphene samples were prepared in a very simple and easy to replicate
procedure. Typically, fresh horn chips were predried at 60−150 °C
and then milled into very ﬁne powder in a clean stainless steel
planetary ball mill. Graphene oxide (GO) was prepared from the
29409
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Figure 2. (a) XPS spectra of surface chemical composition of HnGO and NSG, (b) C 1s spectra of HnGO, (c) C 1s spectra of NSG, (d) N 1s
spectra of NSG, (e) S 2p spectra of NSG, and (f) Raman spectra of pristine graphite, GO and NSG (upper inset is the intensity ratios (ID/IG)). Dash
lines and color shadings are a guide to eye.
graphite ﬂakes as previously reported,26 and used as the substrate. The
GO and dry Hn powder were homogeneously mixed at a certain mass
ratio (stage-1 of Figure 1), and then subjected to a tubular heat
treatment at 5 °C min.−1 and kept at a constant temperature for just 2
h under pure Ar ﬂow. To ensure reliability on the biomass (horn) as
sole source for both N and S, no additional chemical precursors were
used. A black cushion-like product was obtained after cooling to room
temperature. The as-obtained sample was then thoroughly washed
with HCl/deionized water and anhydrous ethanol to eliminate any
existing organic or carbon residues. For proper evaluation and analysis,
diﬀerent samples were prepared at 600, 700, 800, and 900 °C at a ﬁxed
GO/Hn mass ratio of 1:0.6. Furthermore, for the purposes of
reproducibility, the mass ratio of GO and the temperature at 900 °C
were both kept constant, while the mass ratio of Hn was varied over a
large range to obtain catalyst samples with a GO/Hn mass ratios of
1:0.1, 0.3, 0.6, 1, 1.5, 3, 5, respectively. For simplicity, unless otherwise
stated, NSG refers to the N and S dual-doped 3D porous graphene
catalyst prepared at 900 °C with a GO/Hn mass ratio of 1:0.6,
respectively.

swell up to form porous structures. The eviction of gases leads
to volume contraction and collapse of few graphene layers,
resulting in porous structures of diﬀerent shapes and sizes.
Meanwhile, the disintegration of horn moieties at high
temperature facilitates the in situ generation of reactive Nand S-bearing species (H2S, NH3, C2N2+, C3N2+, etc.) which
serve as self-sponsored source for N and S doping. Successful
doping of N and S atoms into the graphene carbon network
(stages 2−3) induces surface-wrinkling as revealed by the SEM
and TEM investigations. The surface wrinkling can be
attributed to the eﬀects of chemical bonding forces and the
disparity in bond length between C−N, C−S, and C−C bonds
in the modiﬁed graphene carbon network. The atomic
composition of the as-prepared materials was ﬁrst probed by
carbon elemental analysis to determine the content of nitrogen,
sulfur, oxygen, and carbon as indicated in Table S1. XPS was
then employed to study the surface chemical composition and
bonding energies associated with the various atomic species.
The survey scan of unpyrolyzed sample (Hn/GO mixture),
Figure 2a, shows peaks at ∼286.67, 532.36, 399.57, and 168.70
eV for C, O, N and S, respectively. The corresponding peak
positions of N and S slightly shift to lower and higher binding
energies after the thermal treatment, respectively, indicating the
prevalence of chemical reaction and changes in local chemical
conﬁguration of the core graphene framework. The signiﬁcant
decrease of the O 1s peak, equivalent to ∼82.4% reduction,
obviously conﬁrms removal of oxygen containing groups upon
the thermochemical reaction with Hn moieties. Considering
the role and proportion of horn in the mixture and repeated
washing after pyrolysis, the content of carbon in the ﬁnal
catalyst can be regarded as that of the graphene carbon
skeleton. To clearly illustrate the chemical phases of atomic
species, C, N and S peaks were deconvoluted as displayed in
Figure 2(b−e). By comparison, it is clear that the oxygenbearing functional groups were signiﬁcantly reduced as
evidenced by the drastic decrease in intensity of peaks
associated with C−O (286.64 ± 0.4 eV) and O−CO

■

RESULTS AND DISCUSSION
Morphology, Structure, and Composition. The N and S
comodiﬁed 3D porous graphene (NSG) with trimodal pore
architecture was prepared via a single-row pyrolysis. The
biomass was used as the sole heteroatom precursor and
structure directing agent. The structural transformation
mechanism (depicted in Figure 1) is driven by thermally
induced molecular disintegration, chemical reaction of surface
functional groups, and massive capillary eviction of volatile
species, respectively. During pyrolysis (stage 2), the horn
moieties undergo gradual thermochemical disintegration
releasing functional reactive species which interact with surface
functional groups of GO via intermolecular hydrogen bonding.
The continuation of such reactions leads to massive generation
and eviction of mainly volatile species (H−O, C−O, S−O, C−
N, etc.). The 3D porous structure can form because the
released horn moieties ﬁrst react with GO functional groups at
the edges facilitating edge-to-edge linkage, while the large
quantity of gas generated causes the GO sheets to expand or
29410
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Figure 3. (a) X-ray diﬀraction patterns of NSG, GO, and graphite, NSG images (b) TEM (inset is SAED, scale bar: 2000 μm−1), (c) HR-TEM (inset
is the selected area IFFT ﬁltered image), (d) FE-SEM, (e) Elemental distribution EDX mapping of carbon, nitrogen and sulfur (scale bars: 500 nm,
All implies: C, N, S and O elements), (f) AFM (inset is the line scan proﬁle of sheet thickness as indicated in the ﬁgure). Dash lines and cross marks
are a guide to eye.

(288.52 ± 0.2 eV) groups, before (Figure 2b) and after (Figure
2c) pyrolysis, whereas the C−N/C−S (285.83 ± 0.1) peak is
substantially retained. The intensity of sp2-hybridized carbon
peak (CC, 284.7 ± 0.2 eV) also increases and narrows
slightly after thermochemical reduction, which can be assigned
to the formation of chemically bonded phases of C−S and C−
N, and the eviction of oxygen groups. This leads to an increased
carbon to oxygen ratio, further indicating eﬃcient reduction of
GO while retaining considerable amounts of N and S as
dopants.11,27 The deconvoluted N 1s peak, Figure 2d, shows
four well-resolved peaks assignable to graphitic-N (B.E =
400.98 ± 0.3 eV), oxidized-N (B.E = 403.46 ± 1.1 eV),
pyrrolic-N (B.E = 400.47 ± 0.2 eV), and pyridinic-N (B.E =
398.12 ± 0.4 eV) nitrogen species. The proportions of
graphitic-N and pyridinic-N are relatively higher than those
of oxidized-N and pyrrolic-N. Although the exact role of each
nitrogen species is still a subject of ongoing research, graphiticN and pyridinic-N are broadly considered to play a vital role in
catalytic activities. Especially, graphitic-N is regarded to
improve the diﬀusion-limited current density, while pyridinicN enhances the onset potential as well as surface wettability
and electrical conductivity.28−30 The inﬂuence of pyridinic-N
toward enhancement of the catalytic properties (onset
potential) has been demonstrated by recent studies on Ndoped carbon frameworks,31 which agrees well with the
observations in this work. Both oxidized-N and pyrrolic-N are
considered to have little inﬂuence on ORR kinetic activity.
However, pyrrolic-N coupled with pyridinic-N exhibited a
signiﬁcantly enhanced ORR activity in N-doped carbon
nanotube-graphene complexes,32 as well as in a N-doped
mesoporous carbon supported platinum catalyst.33 For the
chemical states of sulfur, as shown in Figure 2e, two autographs
with well-centered peaks strongly related to thiophenic sulfur
(due to spin−orbit coupling) emerge for S 2p3/2 (B.E. = 164.25
± 0.2 eV) and S 2p1/2 (B.E. = 165.8 ± 0.3 eV), as well as a low
intensity peak for oxidized sulfur (S−O, B.E. = 167.94 ± 0.4
eV).11,27,34,35 No other sulfur phase such as sulfhydryl (−SH)
typically around ∼162 ± 0.3 eV is observed, implying that S is

incorporated at defects sites and edges of the graphene planes
in a thiophenic phase.35 Successful incorporation of S is highly
beneﬁcial for enhancing the molecular oxygen adsorption and
kinetic reactivity toward ORR.6,34 The inevitable formation of
volatile S−O species could be accountable for the relatively
reduced proportion of S in the ﬁnal product compared to N
after pyrolysis (Figure S6 and Tables S1 and S2). However, it is
worthy to note that the relatively high content of N may also be
due to minor contributions from other none cysteine based
amino acid groups that are naturally present in the keratinous
structure of Hn. Be that as it may, the average amount of
doped-S (∼0.22 at. %) in the graphene framework is
comparable to the amount reported by Higgins et al. (∼0.23
at. %),6 in which a toxic chemical (phenyl disulﬁde) was used as
the sulfur precursor in a time-consuming procedure. That
notwithstanding, DFT calculations have revealed that high
doping levels only introduce more active sites but actually lead
to ineﬀective doping at individual sites and a decrease in overall
catalytic activity, whereas optimal doping levels substantially
induce spin and charge density changes on the individual
doping sites, leading to an eﬀectively enhanced doping ratio
and catalytic activity.36
To further verify successful modiﬁcation of the core
graphene framework, both Raman and FT-IR spectra were
recorded as displayed in Figures 2f and S1, respectively. The
Raman spectrum of NSG shows strong D (1332.9 cm−1) and G
(1583.5 cm−1) bands owing to lattice distortion of sp2hybridized carbons similar to that of GO, as well as moderately
pronounced peaks of 2D (2651.5 cm−1) and D+D′ (2898.9
cm−1). The appearance of a relatively broader D+D′ peak,
absent in pristine graphite, can be assigned to structural defects
within the exfoliated graphene scaﬀolds.37,38 Compared with
pristine graphite, both the D and G bands of NSG exhibit a
marginal blue-shift, and are slightly broader than that of GO
which may be due to the bond length disparity of C−N, C−S,
and C−C bonds. The degree of graphitization or defectsinduced structural disorder, determined from the intensity ratio
of D (ID) and G (IG) bands, increases after pyrolysis. This can
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large interlayer spacing is beneﬁcial toward averting nanosheets
restacking, as well as maintains high speciﬁc surface area for
adsorption, kinetic diﬀusion, and mass transport dynamics. The
morphologies were further examined by FE-SEM (Figures 3d
and S2), which reveal that the graphene sheets are
interconnected in a 3D fashion, exhibiting trimodal porosity
and wrinkled-surface features. These porous features are absent
in both the pristine GO and horn samples (Figure S2),
suggesting that the aerogel structure is inﬂuenced by the horn
moieties. The EDX elemental mapping of atomic species
(Figure 3e) clearly shows homogeneous dispersion of elemental
nitrogen and sulfur within the NSG carbon framework,
indicating consistent chemical modiﬁcation of the core
graphene structure. The mapping also conﬁrms the XPS
analysis of low concentrations of N and S relative to carbon in
the composite matrix. The topography and sheet-thickness
were also probed by AFM. The line scan proﬁles show an
average layer thickness of ∼1.3 nm for NSG, Figure 3f, and
∼1.2 nm for GO (Figure S3). The average thickness of ∼1.3
nm is consistent with the 1.0−2.0 nm range commonly
reported for chemically exfoliated graphene.45,46 The slight
increase in thickness after N and S doping, compared with GO,
may be attributed to surface residual oxygen as previously
reported.45−47 Moreover, the marginal increase of sheet
thickness may be a consequence of the wrinkled-surface
features. Thus, under tapping mode the surface of graphene
sheet maybe tip-scanned over both the level section and
wrinkled-edges relative to the uniformly ﬂat substrate and may
be overestimated. On the basis of the above physicochemical,
morphological and structural analyses, a qualitative conclusion
can be drawn to infer that the thermal process induced a
compatible reaction between GO and horn moieties, leading to
eﬀective removal of oxygen containing groups and successful
incorporation of N and S into the graphene carbon network.
Electrocatalytic Activity for ORR. To demonstrate the
signiﬁcance and applicability of such a green sourced N, S dualdoped graphene, the electrocatalytic properties of the asprepared materials were studied in both alkaline and acidic
media. Figure 4a shows the cyclic voltamograms of all samples
in oxygen saturated 0.1 M KOH solution. Clearly, a positive
shift of cathodic peak potential can be observed from pristine
graphite to the NSG catalyst. Thus, the peak potential of NSG
(Ep = −0.22 V) is more positive than that of GO (Ep = −0.28
V) and pristine graphite (Ep = −0.32 V). However, the cathodic
peak of NSG vanishes and remains featureless in a pure
nitrogen saturated 0.1 M KOH as shown in Figure 4b, which is
an indication of the enhanced catalytic activity. For proper
evaluation, a comparative study was conducted against
commercial Pt/C (20 wt %, JM) as a benchmark. The
reduction peak potential of NSG is very close to that of Pt/C
(Ep = −0.18 V) but shows a marginally larger cathodic peak
current. This indicates that the catalytic properties of graphene
oxide are signiﬁcantly enhanced due to the beneﬁcial role of the
simultaneously doped N and S, and the eﬀect of 3D porous
morphology with large surface area to expose more active sites.
The ORR performance was also evaluated by LSV yielding the
polarization curves reported in Figure 4c. The onset potential
(E0), half-wave potential (E1/2), as well as the diﬀusion-limited
current density (jL) of NSG are more positive than those of
graphene oxide and graphite. The half-wave potential (E1/2=
−0.23 V) and diﬀusion-limited current density (jL= −5.41 mA
cm−2 at −1.0 V) of NSG also closely approach that of Pt/C
(E1/2= −0.19 V and jL= −5.34 mA cm−2 at −1.0 V),

be attributed to the incorporation of N and S, and removal of
oxygen groups (hydroxyl, epoxy, carbonyl, and carboxylic
groups) from graphene oxide.11,39,40 The small increment of
disorder by Raman analysis perfectly agrees with the XPS
investigation, in which relatively low contents of dopants can
also be detected. The changes related to structural reconﬁguration and various chemical bonding phases are also explicit in
the FT-IR analysis (Figure S1). Evidently, the main absorption
bands related to v C−O (1049 and 1224 cm−1) and v CO
(1716 cm−1) are diminished, while new and fairly weak
absorption bands emerge for v C−N (1464 and 2921 cm−1), as
well as suppressed peaks of v C−S (874 cm−1) and v S−O
(1164 cm−1). On the one hand, the relative weakness of sulfur
related peaks (v C−S and v S−O) is because sulfur-containing
species generally give rise to very weak absorption/transmittance and low frequency features in infrared spectroscopy.
On the other hand, the diminished features of C−O and O−
CO are perhaps due to eviction of oxygen containing groups
as observed in the XPS analysis. This shows that horn moieties
can serve as versatile precursor for both N and S, as well as
contribute as a reducing agent owing to the formation of sulﬁde
groups. It is worthy to note that, the heat treatment process can
also contribute to eﬀectively reduce graphene oxide as
previously reported.41 Regardless that the FT-IR could not
distinctively reveal very strong features of various sulfur phases,
the above XPS analysis of chemical states clearly established the
chemical characteristics of elemental S within the NSG
framework, as displayed in Figure 2a and e, and its presence
is also well conﬁrmed by EDX elemental mapping.
The microstructure was probed by XRD to assess the degree
of exfoliation and eﬀects of doping with regard to changes in
chemical conﬁguration and crystalinity. By visual inspection, a
qualitative conclusion can be drawn to uphold the prevalence of
changes in microstructure as evidence of successful exfoliation
of graphene oxide from pristine graphite, as well as eﬀective
chemical modiﬁcation of the graphene core structure owing to
N,S-doping. As shown in Figure 3a, pristine graphite displays an
intense diﬀraction peak (002) at 2θ ≈ 26.38° with a d-spacing
of 3.38 Å. This peak completely disappears whiles a new peak
emerges at 2θ ≈ 8.6° after converting to graphene oxide. This
peak position is slightly lower than that reported in
literature,11,27,42 indicating a relatively larger interlayer spacing.
However, the presence of a shoulder peak with negligible
intensity at 2θ ≈ 21.2° indicates that few layers may still remain
weakly stacked. For NSG, the diﬀraction peak at 2θ ≈ 8.6°
completely vanishes and a relatively broader peak centered
between 20 and 24° emerges with a d-spacing of ∼3.78 Å. This
can be ascribed to eﬀective transformation of GO, by
elimination of surface oxygen groups, to the N/S dual-doped
graphene.11,26 The appearance of a diﬀraction peak within 20−
24° implies that the NSG structure is composed of randomly
crumpled sheets of few layers with a relatively larger interlayer
spacing as previously reported.43,44 To conﬁrm this analogy, the
microstructure was further examined by TEM analysis. The
images of NSG (Figures 3b and S2) clearly display layers of
graphene nanosheets with wrinkled surface features. The
patterns of the selected area electron diﬀraction (SAED)
corresponding to (002) and (101) diﬀraction planes at 2θ ≈
23.2° and 42.5°, respectively, indicate that the core hexagonal
crystalline structure of graphene is well retained even after N, S
codoping.43 The HR-TEM analysis (Figure 3c), further reveals
lattice fringes (∼1.91 nm thick) consisting of 4−5 individual
layers of graphene nanosheets interspaced by ∼0.38 nm. The
29412
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predominantly mesoporous structure. The BET surface area
was determined to be ∼319.93 m2g−1, which is rationally
comparable to that of a typical 3D mesoporous graphene
(∼350.0 m2g−1),52 but obviously higher than that of N, S
codoped graphene sponges (171.4 m2g−1),11 reduced graphene
oxide (108.7 m2g−1),11 and 3D N, B codoped porous graphene
(249.0 m2g−1).53 The BJH desorption proﬁles also show a
narrow distribution of mesopores centered at ∼4.2 nm. The
presence of limited proportions of micro- (<2 nm) and macro(>50 nm) pores indicate that the NSG morphology is
composed of trimodal porosity. However, the BET surface
area of NSG is still relatively low compared to the theoretical
speciﬁc surface area of a single layer graphene (∼2630 m2
g−1),54 further conﬁrming the preceding analysis of few largely
interspaced graphene layers.
To further evaluate the eﬀectiveness of Hn as a prospective
precursor for synthesis of functional NSG, the inﬂuence of
synthesis temperatures on catalytic activity was further
investigated. As shown in Figure S6a, both the onset potential
and limiting current density are signiﬁcantly enhanced as the
synthesis temperature increases from 600 to 900 °C. Thus, with
the increase of temperature, the amounts of doped N and S
lightly increase with a corresponding enhancement in catalytic
activity as shown in Table S2 and Figure S6b, respectively. This
can be largely attributed to the fact that Hn moieties such as
cysteine are composed of helix shaped disulﬁde bridges with
extremely strong bonds (hard tissues) compared to those in
soft and ﬂexible tissues like skin and hair.55 This implies that
under the given synthesis conditions, optimal thermal energy is
required to breakdown such strong bonds to enhance the
release of N and S bearing functional species for eﬀective
doping. This may account for the observed increase in dopant
concentration as the temperature is raised. As a conﬁrmation,
the experiment was repeated by preparing fresh samples under
the same conditions at 700 and 900 °C using fresh horn as well
as pure cysteine (L-cysteine, > 98%) for comparison. It is found
that, for GO/Hn, both N and S still increase slightly with
temperature, but for the pure cysteine, the converse is true
(Table S2). Despite the slight increase of dopant concentrations, the S content in GO/Hn is much lower than that
obtained from GO/L-cysteine, suggesting that S may have
indeed come from the cysteine groups in horn but the high N
content may have also beneﬁted from other minor functional
groups contained in the horn. Furthermore, we analyzed the
yield of samples prepared at the various temperatures (600,
700, 800, and 900 °C) by weight analysis, which reveals that
with the increase in temperature the percent yield decreases,
suggesting that aerogels structures can eﬀectively form at
relatively high temperatures. This phenomena can be attributed
to eﬀective reaction between GO and the horn moieties at high
temperatures, leading to maximum release of N/S functional
species for eﬀective doping as compared to that at lower
temperatures. Actually, based on the percent yield analysis, it
can be concluded that at relatively lower temperatures the
reaction between Hn moieties and GO is comparatively
ineﬀective to maximize the release of functional species,
thereby achieving only minimal N/S doping levels. This
could account for the observed increase in N/S contents as
the temperature increases. Physical features of samples before
and after pyrolysis are shown in Tables S3 and S4. The above
phenomena were further conﬁrmed by Raman analysis (Figure
S6c), which also reveals that with the increase of temperature,
the G-band displays a red shift with a corresponding increase of

Figure 4. (a) CV curves of graphite, GO, NSG, and Pt/C, (b) CV
curves of NSG in N2- and O2-saturated solution, (c) LSV curves of
graphite, GO, NSG, and Pt/C, and (d) LSV at diﬀerent rotation rates,
Inset is the corresponding K-L plots. All data were recorded in 0.1 M
KOH solution. Dash lines are a guide to eye.

respectively. Thus, the kinetic activity of NSG toward oxygen
reduction is reasonably close to that of Pt/C but superior to
that of graphene oxide and pristine graphite. The improved
ORR activity of the NSG catalyst is further conﬁrmed by its
relatively small Tafel slope, also very close to that of Pt/C as
displayed in Figure S4, indicating that NSG exhibits a
comparable oxygen reduction mechanism in alkaline media.
The CV and LSV results of NSG also compare very well with
reported data,9,16,32,48,49 but superior to that of previous
reports6,50,51 in which various toxic chemical reagents and
multistep approaches were used. Although N, S codoped
carbon based materials have been reported, to our knowledge, a
purely metal-free graphene-based catalyst with 3D architectures
and such high catalytic performance obtained via a simultaneous dual-heteroatom doping, entirely stimulated by a single
nonchemical precursor (biomass) without the aid of any
chemical reagents (e.g., N2, NH3, thiourea, sulﬁdes), is hardly
ever reported. By further bracketing with similar materials, it
can be presumed that the enhanced mass transport limiting
current is an indication of improved selectivity for ORR kinetics
via the conventional four electron transfer route. Therefore, the
K-L equation16 was used to quantify the number of electrons
transferred. Figure 4d shows that the diﬀusion limited current
density increases consistently with the rate of rotation, yielding
linearly ﬁtted slopes, possibly due to reduced oxygen diﬀusion
distances for enhanced ORR activity. The number of electrons
transferred varies between 3.52−3.83, implying that the NSG
catalyst follows a four electron oxygen reduction path in 0.1 M
KOH electrolyte.
The above improved diﬀusion limited current density can be
attributed to shorter diﬀusion paths for fast kinetics as a result
of enhanced surface area for mass-transport. To evidently
support this claim, a nitrogen adsorption−desorption (A−D)
porosimetry was conducted as shown in Figure S5a. The NSG
catalyst exhibits a typical capillary condensation hysteresis of
type-IV isotherm with pore closure at P/Po ≈ 0.45, signifying a
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with the enhancement of catalytic activity of N-doped carbon
frameworks) occurs at the N−C bond sites wherein the
reaction is sluggish under acidic conditions as compared to an
alkaline or neutral media. In addition, the high susceptibility of
active intermediates to accept protons in acidic environments
initially results in the formation of H2O2 via a two electron
transfer process, followed by decomposition of the peroxides.
Moreover, it has been demonstrated previously that rapid
disproportionation reactions can lower the overpotential and
enhance the reaction kinetics (a process that is easily facilitated
by surface stabilized metal or oxide species) via a mechanism
similar to the Haber−Weiss process for the decomposition of
H2O2.57,58 This also implies that the ORR kinetics in acidic
media will be signiﬁcantly curtailed due to the absence of
metallic or oxide particles in the NSG catalyst. That
notwithstanding, the catalyst remains rationally viable particularly with regard to availability, ease of preparation, cost,
environmental impact, and long-term stability.
The time-dependent stability of the electrocatalyst is a major
concern in fuel cell development. Therefore, the stability and
tolerance to CO and methanol oxidation intermediates of the
catalysts were investigated by chronoamperometry (i−t) at
1600 rpm, under O2-stream at room temperature. As shown in
Figure 5a, the NSG catalyst shows a gradual attenuation of

dopant-induced graphitic defects (ID/IG) owing to increased
contents of doped N and S in the graphene carbon network. To
further probe the idealness of Hn and the impact of doping, the
concentrations of doped N and S were regulated by varying the
mass ratio of Hn sample in the mixture while keeping
temperature at 900 °C and mass ratio of GO constant. As
shown in Figure S6d, the catalyst displays a low onset potential
at Hn mass ratios below 0.6, which is signiﬁcantly improved
between 0.6 and 1.5. However, as the mass ratio of Hn
increases beyond 1.5, the corresponding activity gradually
declines. Similar trends can also be observed by comparative
analysis of previous reports (Table S5). These observations
further highlight that the catalytic activity of heteroatom doped
carbon frameworks depends on optimal dopant concentration
to achieve high density of individual active sites. This implies
that, merely increasing the amount of heteroatoms could not
lead to enhanced activity because of ineﬀective doping at
individual active sites. In addition to the inﬂuence of dopant
concentration, the surface area and porosity can also critically
aﬀect the catalytic activity. Therefore, to gain further physical
and structural information in support of the poor activity of
samples prepared at high GO/Hn mass ratios, the morphology
and surface area of the sample obtained at the high mass ratio
of 1:5 were probed by SEM and BET analysis, respectively. As
shown in Figure S7a, the microstructure investigations show
that excess Hn moieties tend to fused together on the graphene
surface, resulting in relatively thicker sheets, distorted pore
morphology of the aerogel structure, and formation of large
agglomerated particles. The N2 adsorption−desorption analysis,
as displayed in Figure S7b, also shows that the BET speciﬁc
surface area is signiﬁcantly reduced to about 172.8 m2 g−1,
nearly half that of the sample obtained with the ratio of 1:0.6.
Thus, despite realizing high N and S contents at high Hn mass
ratios, the catalytic activity remains poor which can be
attributed to the dramatic decline of the surface area coupled
with the distorted morphology that hampers oxygen diﬀusion
and limits the mass transport. Although few works have also
been reported on N, S codoped NCFs, the ORR activity is
mostly characterized in only alkaline media with just a few
reporting on the ORR activities in acidic media.7,8 Generally, a
strict metal-free catalyst can exhibit reasonable ORR activity in
both media, but comparatively lower than Pt/C in acidic media
due to inevitable formation of H2O2. Nonetheless, the ORR
activity was also characterized in acidic media as shown in
Figure S8. Even though a very costly and toxic ionic-liquid
([Bimi][Tf2N]) was used as heteroatom precursor in
literature,8 the cathodic peak potential of the catalyst (GCNLS) remained featureless with no obvious redox features in
acidic media. In contrast, in this work, the NSG catalyst
remarkably exhibits a clearly distinct cathodic peak centered at
+0.45 V, Figure S8a, which is only ∼9.43% less than that of Pt/
C, but nearly twice the peak potential (Ep = +0.29 V)
previously reported.7 As estimated from the polarization curves
and K-L plots (Figure S8 b), the average number of electrons
transferred in acidic media is slightly less than in alkaline media
(Figure S9), suggesting a combined process of two electron
transfer routes via the formation of H2O2. Based on previous
studies of ORR mechanisms on N-doped carbon frameworks,56
it can be assumed that the slightly declined catalytic activity in
acidic media is perhaps due to a signiﬁcant decrease of
disproportionation of hydrogen peroxide ions (HO2−). Thus,
the chemical disproportionation reaction of HO2− into
products of OH− and O2 (a mechanism largely associated

Figure 5. (a) Chronoamperometry curves of NSG and Pt/C. (Inset is
the estimated percent relative current retention after scan.)
Accelerated durability test of (b) NSG and (c) Pt/C. An inset is the
corresponding CV proﬁles. Data were measured in 0.1 M KOH
solution. ADT recorded after 5000 cycles. Dash lines are a guide to
eye.
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relative current, resulting in a loss of only ∼6% compared to
∼14% by Pt/C. The resistance to eﬀects of intermediate
products of methanol oxidation, as well as CO poisoning were
also examined by injecting 1 M CH3OH and CO during an i−t
scan as shown in Figure S10a and b. Notably, NSG shows a
strong resistance to CH3OH oxidation molecules and retains a
relative current of ∼96% compared to Pt/C which plumped
sharply to ∼64%. Thus, the cheap, nontoxic, and easily
prepared NSG catalyst exhibits better methanol and CO
tolerance with superior selectivity for ORR compared to the
rare and costly Pt/C catalyst. The durability exhibited by the
NSG catalyst is in good harmony with previous reports.14,18,19,39,49,59 To further evaluate and adequately conﬁrm
the tolerance of NSG, both LSV and CV were sequentially
tested under CH3OH and CO conditions. As shown in Figure
S10c−e, no substantial losses occur after CH3OH and/or CO
injections, only a minor decay of cathodic peak current and a
negligible decrease of E0. This is consistent with the i-t results,
thereby conﬁrming the high durability and tolerance of NSG
against Pt/C.
To further buttress the i−t stability results, an accelerated
durability test (ADT) was performed on both NSG and Pt/C
as shown in Figure 5b and c, respectively. After 5000 cycles, the
E1/2 of Pt/C decreases by ∼34 mV while that of NSG declines
by only ∼18 mV. The cyclic voltamograms of NSG also show
stable redox features compared to that of Pt/C. On the one
hand, the improved durability of NSG can be attributed to
stability of porous structures to maintain high surface area for
enhanced diﬀusion and mass transport, in addition to the
optimal chemical composition of active N and S to synergistically enhance catalytic properties. To evidently demonstrate
stability of the porous structures, the BET surface area and
surface morphology, as well as Raman characteristics of the
catalyst were reanalyzed after being sequentially subjected to
various electrochemical tests (ADT for 10 000 cycles at 5 mV/
s, linear sweep voltammetry at low sweep rate, and
chronoamperometry for 10 000 s). As shown in Figure S11,
the BET surface area (∼313.07 m2 g−1), pore characteristics,
and morphology remain fairly unaﬀected by the electrochemical
tests. Moreover, the Raman analysis indicates that the graphitic
degree is also well-reserved (ID/IG ≈ 1.131). This demonstrates
that the catalyst not only maintains its surface morphology and
pore structure, but also exhibits a strong oxidation resistance to
preserve the graphitic degree of its core carbon network. On
the other hand, the poor stability of Pt/C may be attributed to
degradation of Pt nanoparticles via oxidative particle-support
dissociation, particle migration, and subsequently particleaggregation.59 The methanol oxidation resistance was also
tested in acidic media as shown in Figure S12a and b. Clearly,
Pt/C shows a very poor resistance to intermediate molecules of
methanol oxidation in a manner similar to the observations in
alkaline media. More especially, Pt/C exhibits no cathodic
peaks indicating poor durability against intermediate products
of fuel oxidation compared to NSG. In addition, Pt/C displays
a high relative current loss upon methanol injection compared
to NSG under the same conditions as shown in Figure S12c.
The i−t test in acidic media (Figure S12d), shows Pt/C initially
exhibits a ﬁrm current retention similar to NGS. However, the
stability of Pt/C declines to ∼90.8% relative current after
30 000 s, while NSG retains ∼94.3% relative current even after
55 000 s. On the basis of all electrochemical analyses, it can be
concluded that the NSG catalyst not only exhibits an oxygen
reduction activity comparable to Pt/C in alkaline media, but

also shows a superior stability and high tolerance to CO and
methanol oxidation products in both alkaline and acidic
environments, which are highly beneﬁcial for the design and
application of fuel cells.
Electrocatalytic Activity for OER. To further explore the
applicability of such a biomass promoted metal-free catalyst, the
OER properties were also investigated. The OER performance
was evaluated at 10 mA cm−2, the current density at which the
operating potential (Ej=10) for water oxidation is measured, and
is the value expected to achieve a 10% water-splitting
capacity.60 As shown in Figure 6a, NSG achieves the current

Figure 6. (a) Overall LSV potential curve of NSG@900 (Inset is the
comparison of OER currents of NSG, Pt/C, GO, and IrO2). (b)
Stability of OER current before and after accelerated CV for 1000
cycles.

density of 10 mAcm−2 at 0.69 V vs SCE which is very close to
that of IrO2 (0.64 V vs SCE). The overall activity of oxygen
electrode can be estimated by the potential diﬀerence between
ORR and OER (ΔE = E1/2 − Ej=10). Achieving a smaller ΔE
implies that the catalyst is close to an ideal reversible oxygen
electrode.48 The overall OER activity of NSG compares well
with recently reported N,S-codoped mesoporous carbon
nanosheets that was obtained via multistep chemical (polydopamine) routes,60 and obviously superior to Pt/C, as well as
similar modiﬁed-carbon materials and transition-metal based
catalysts as shown in Table S6. The stability of NSG was
evaluated via an accelerated cyclic voltammetry test, before and
after 1000 cycles, as shown in Figure 6b. After the 1000th cycle,
the required oxidation potential to achieve the current density
of 10 mA cm−2 slightly decreases by only ∼17.0 mV, further
conﬁrming the excellent catalytic activity and stability of the
NSG catalyst. The slight decrease in current density can mainly
be attributed to the obstruction of mass-transfer channels
owing to gradual buildup of evolved O2 gas bubbles.
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■

■

CONCLUSION
In summary, we introduced a concept that aimed at stimulating
the graphene sheets to reorganize into a 3D porous architecture
and simultaneously doped with biomass-sponsored N and S as
a highly eﬃcient catalyst for ORR and OER. The amount of
doped-N remained fairly constant while that of S was slightly
reduced after pyrolysis. Graphitic-N and pyridinic-N were the
dominant-nitrogen phases with sulfur incorporated at defect
sites and edges in thiophenic form. The self-organized porous
structures presented a relatively large and stable BET speciﬁc
surface area with trimodal porosity. The catalyst obtained at
900 °C displayed ORR kinetic activity comparable to Pt/C but
superior to similar materials in both alkaline and acidic media.
Its long-term stability and resistance to CO poisoning and fuel
oxidation intermediates were both superior to Pt/C. The
improved catalytic properties can be associated with the
enhanced synergistic eﬀects due to simultaneous doping and
the unique porous morphology for eﬃcient mass-transport.
The OER performance was also comparatively superior and
approached that of IrO2 with high stability. The approach
adopted in this work and the analysis showed that the structure
of NSG frameworks can be further tailored with the expectation
to open new strategies for the design of porous graphene
architecture for broader applications. Therefore, optimizing the
synthesis strategy is essential to harness the exceptional
properties of such 3D porous frameworks.
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