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A facile recipe has been developed to prepare three-dimensional nano-
architectures of nitrogen-doped graphene loading Co nanoparticle
hybrids (Co/NG). The hybrids show an outstanding electrocatalytic
activity for glucose oxidation reaction (GOR) and oxygen reduction
reaction (ORR), and thus can be used as electrode materials of a
nonenzymatic and precious-metal-free glucose fuel cell (GFC).

Tremendous strides have been made recently in both fundamental
and applied scientific research on graphene and the related hybrids
due to their extraordinary electrical, mechanical, and catalytic
properties." A variety of methods, including exfoliation through
physical and chemical routes and chemical vapor deposition
(CVD), have been developed for production of graphene in recent
years.> Among these methods, neither mechanical exfoliation nor
the CVD technique is affordable for mass production, and the
chemical exfoliation method is a tedious process that includes
chemical oxidation, dispersion of graphite, ultrasonic-assisted exfo-
liation, ion removal, and reduction of graphite oxide. The recently
developed method using solid sources is appealing to prepare
graphene, whereas a nickel or copper substrate is normally required
for the growth of a thin layer of graphene.> On the other hand,
graphene nanohybrids are envisioned to improve the functionality
of graphene and thus are of great potential for practical applica-
tions. Unfortunately, little success has been achieved with the large-
scale synthesis of graphene while simultaneously implementating
the doping of heteroatoms and the incorporation of functional
nanostructures on graphene.*

Glucose fuel cells (GFCs) have attracted tremendous attention
because of their stable and considerable power output through the
coupling of the glucose oxidation reaction (GOR) at the anode and
the oxygen reduction reaction (ORR) at the cathode.” Adopting an
appropriate catalyst is critical for both electrodes due to sluggish
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kinetics and a high overpotential associated with multiple-electron
transfer involved in both GOR and ORR. The typical catalysts in a
GFC device are enzymes, ie., glucose oxidase for GOR and laccase
for ORR, thanks to their high activity and excellent selectivity.
However, the enzymatic glucose fuel cell is susceptible to the
operating enviroment and is vulnerable upon long-term running.®
Electrocatalysts based on precious metals (e.g:, Pt, Au, or their
alloys) could be another option for GFCs due to their considerable
activity for GOR and ORR.” Unfortunately, precious metals are
subjected to serious poisoning of adsorbed intermediates from the
oxidation of glucose, apart from their limited supply and high cost.

In this work, we report a simple one-pot route to prepare
graphene nanohybrids through the heat treatment of a solid-
source mixture while simultaneously implementing nitrogen
doping and loading Co nanoparticles onto graphene (Co/NG).
This method breaks through the limitations of traditional
methods to prepare hetero-atom-doped graphene hybrids,
which normally involve two or more steps, including a complex
procedure for preparing graphene, loading functional nano-
materials, and performing the doping process of hetero-atom.
Notably, the Co/NG hybrids show outstanding electrocatalytic
activity for both GOR and ORR, inspiring us to build a non-
enzymatic and precious-metal-free GFC by using the Co/NG as
catalysts of both the anode and the cathode.

The entire process required only a programmable heat-
treatment of a solid mixture of Co(NOj3), and cyanamide (ESL,
Fig. S1), during which the cyanamide was decomposed to carbon-
and nitrogen-rich gases while the Co(NO;), was reduced to Co
nanoparticles, which assisted the growth of NG. The present
strategy has the advantages of simple operation, readily accessible
raw materials, low cost and high yield. In addition, the N-doping
and loading the Co nanoparticles onto graphene were simulta-
neously implemented in a one-pot reaction, offering an efficient
route for functionalizing graphene. Moreover, the present approach
can be modified for synthesizing nitrogen-doped graphene after
removing Co nanoparticles (Fig. S2, ESIT).

The scanning electron microscopy (SEM) images of the
Co/NG show a large number of particles, ranging from tens to
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Fig.1 (a, b) SEM images of the general morphology of the Co/NG and
(c, d) TEM images of the Co/NG hybrids from different regions.

hundreds of nanometers, cross-linked together by ultrathin gra-
phene nanosheets, forming a porous three-dimensional (3D) struc-
ture (Fig. 1a and b and Fig. S3a-c, ESIT). The transmission electron
microscopy (TEM) images further demonstrate that Co nano-
particles are surrounded and linked together by a large number
of graphene sheets that have a well-defined graphite crystalline
structure. A close observation indicates that the graphene sheet has
2-10 layers and the Co nanoparticles have a crystalline spacing of
ca. 0.2 nm corresponding to the (111) facet of metallic Co (Fig. 1c
and d and Fig. S3d-f, ESIY).

Fig. 2a shows the X-ray diffraction (XRD) pattern of the
Co/NG; there are two strong diffraction peaks at 26 = 44.2°,
51.5°, which can be well ascribed to the metallic Co (JCPDS No.
47-1049). The absence of a peak associated with graphite is
possibly due to the high intensity of Co peaks in the Co/NG
hybrids. Fig. 2b displays the nitrogen adsorption-desorption
isotherm curves, in which a distinct hysteresis loop is observed
at the relative pressure P/P, ranging from 0.45 to 1.0, indicating
that the Co/NG possesses abundant mesopores and macropores.
The Co/NG hybrids have a Brunauer-Emmett-Teller (BET) surface
area of 65.1 m> g~' and a pore volume of 0.16 cm® g~ . Fig. 2c
presents the survey X-ray photoelectron spectroscopy (XPS) of
Co/NG with characteristic spectra of C1s (285.3), N1s (399.6 eV),
and Co 2p (781.1 eV). Further analyses demonstrate that the sample
consists of C (59.6 wt%), N (4.1 wt%), and Co (36.3 wt%). The
presence of O1s (532.6 eV) most likely results from the adsorbed O
or the substrate. The high-resolution XPS spectra of N1s and Co2p
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Fig.2 (a) XRD, (b) nitrogen adsorption/desorption isotherms, and

(c) survey XPS of the Co/NG nanohybrids.
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were further analyzed (Fig. $4, ESIT). The N1s spectra can be fitted
to four different types of N, i.e., pyridine-type N (398.2 eV), pyrrolic-
type N (399.9 eV), graphite-type N (401.2 eV), and pyridine N-oxide
(402.1 eV), indicating varying doping states of N in the NG of Co/NG
nanohybrids.® The appearance of metallic Co (779.1 eV) confirms
the existence of metallic Co, while the existence of a high-valence
Co species (781.7 eV) is probably derived from partial surface
oxidation of metallic Co in air.’

Electrochemical tests were first conducted using a three-
electrode system to investigate the electrocatalytic properties of
the Co/NG for GOR. The cyclic voltammetry (CV) curves of the
Co/NG in the bulk electrolyte (0.1 M NaOH) suggest that an
oxidation peak is observed at ca. 0.34 V during the anodic scan,
corresponding with the oxidation of metallic cobalt. In the
cathodic scan, a slight reduction peak appears at ca. 0.18 V,
implying the partial reduction of high valence of Co com-
pounds.® Both anodic and cathodic peak currents are linearly
proportional to the square root of the scan rate (Fig. S5, ESIT),
indicating the Co/NG electrode is dominated by a diffusion-
controlled electrochemical process.

We further conducted CV tests on various modified electrodes,
including reduced graphene oxide (rGO), NG, Co/NG, and Pt/C, in
the absence and presence of 5 mM glucose (Fig. S6, ESIt). For the
Co/NG electrode (Fig. S6a, ESIt), upon the addition of glucose, the
anodic current at a potential larger than 0.3 V increases with a
slightly positive shift in peak potential. In contrast, the rGO shows
almost no response to glucose (Fig. S6b, ESIT). The NG shows an
observable enhancement in anodic current when adding glucose
in the electrolyte (Fig. S6¢c, ESIt); nevertheless, the enhancement
of current for the NG electrode is much less than that of the
Co/NG electrode, implying that the NG synergistically work with
Co nanoparticles to contribute to the catalysis of GOR. These
results highlight that the Co/NG plays a significant role in
boosting glucose oxidation reaction. Fig. 3a compares the CV
response of these electrodes with 5 mM glucose. Obviously, the
Co/NG shows a significantly higher current response than the
other three electrodes, ie., the rGO, the NG, and the Pt/C
electrode, suggesting the Co/NG exhibits the best catalytic activity
toward the GOR. In addition, the anodic peak current at the
Co/NG electrode is enhanced correspondingly upon the increase
of the glucose concentration (Fig. S7, ESIt), demonstrating that
the Co/NG hybrids function as an effective electrocatalyst, boosting
the glucose oxidation reaction that is parallel to the oxidation of
metallic cobalt."" Chronoamperometry experiments were performed
for the Co/NG electrode around the peak potential to optimize the
operating potential to achieve a higher current response upon
successive additions of 10 uM glucose (Fig. S8, ESIt). A higher
current response is observed at 0.45 V, which was then selected as
the optimum applied potential in the subsequent study. Fig. 3b
shows the amperometric responses of the Co/NG electrode to the
successive addition of a certain amount of glucose at 0.45 V;
the Co/NG electrode shows a linear enhancement in the current
response upon adding glucose over a concentration range of
1.67 uM-0.47 mM (Fig. S8b, ESIt), achieving an sensitivity of up
to 4.7 mA mM ™! ecm ™2 with a detection limit of ~0.68 pM based
on a signal-to-noise ratio of 3 (S/N) for glucose detection.
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Fig. 3 (a) CVs of rGO, NG, Co/NG and Pt/C electrodes in 0.1 M NaOH in

the presence of glucose; (b) amperometric response of the Co/NG
electrode upon the successive addition of glucose at 0.45 V; (c) rotating
disk voltammograms of the Co/NG electrode in O,-saturated 0.1 M NaOH
at a scan rate of 5mV s~* and 1600 rpm; (d) Koutecky—-Levich (K-L) plot of
current density versus o 2 at different potentials on the Co/NG elec-
trode; inset is the polarization curves of ORR at different rorating rates.

The Co/NG also shows excellent electrocatalytic activity toward
ORR, the most common reaction occurring in the cathode side for
most fuel cells. For comparison, we also performed electrochemical
tests in the electrolyte of 0.1 M NaOH on the rGO, NG, Pt/C, and
Co/NG electrodes. The CV results indicate that all electrodes show a
well-defined cathodic peak that results from ORR at a different
potential in the presence of an O,-saturated electrolyte (Fig. S9,
ESIT). The Co/NG presents a net peak current density (NPCD) of
7.6 mA cm % this value is higher than those of the Pt/C catalyst
(6.2 mA em?) and the NG (5.7 mA cm ). Fig. 3c shows the
ORR polarization curves for these electrodes at a rotation rate of
1600 rpm. Consistent with the CV results, the Co/NG shows the
highest steady-state current density (ca. 8.0 mA cm ™ *) among all
electrodes. In addition, the onset potential of Co/NG for the ORR is
ca. —0.01 V, which is slightly lower than that of the Pt/C electrode
(ca. 0.06 V) but higher than those of NG (ca. —0.03 V) and rGO
(ca. —0.27 V). Given that the NG significantly outperforms the rGO
in catalyzing ORR, it is reasonable to conclude that the metallic Co
and the doped nitrogen in Co/NG together contribute to the
enhanced activity for ORR. The Koutecky-Levich (K-L) plots of the
Co/NG show good linearity between the inverse current density (j )
and the inverse of the square root of the rotation speed (%) with
parallelism properties at various potentials (Fig. 3d), suggesting
first-order reaction kinetics toward the concentration of dissolved
0O, and a similar electron-transfer number at different potentials.
The electron transfer number (1) of Co/NG for catalyzing ORR is
calculated to be ca. 3.8 in the potential range of —0.25 to —0.50 V
based on the Koutecky-Levich equation, demonstrating that the
ORR dominantly proceeds with a 4-electron pathway on a Co/NG
electrode, similar to ORR catalyzed by the Pt/C. Some important
performance parameters for the ORR on these catalysts are
summarized (Table S1, ESIt), which directly demonstrate the
Co/NG has comparable catalytic activity with the commercial
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Pt/C catalysts. Besides these merits, the Co/NG exhibits stabi-
lity superior to the Pt/C catalyst, as assessed by chrono-
amperometric measurements (Fig. S10, ESIf). At a constant
voltage of —0.2 V, the Co/NG only shows a negligible decay in
the ORR current over 6 h of continuous operation, whereas the
commercial Pt/C catalyst exhibits a ~26% decrease under the
same condition.

The excellent catalytic activity of the Co/NG for GOR and
ORR implies the feasibility to set up a GFC device using Co/NG
as both anode and cathode catalysts. An H-type GFC was thus
installed to evaluate the performance, as schematically shown
in Fig. 4a. The Co/NG and the Pt/C were investigated by
independently operating as both the anode and the cathode
of GFC and were denoted as Co/NGgy)|)GFC and Pt/Cy)|¢"GFC,
respectively. Fig. 4b shows the anode and cathode potential
recorded with varying current densities for the Co/NG(y||-GFC
and the Pt/Cyj|"GFC. The Co/NG(,|cyGFC has a lower anode
potential than the Pt/Cg,|"GFC at the same current density,
indicating the Co/NG has a higher electrocatalytic activity
toward GOR than Pt/C. Additionally, the cathode potential
remains close for both GFCs, further demonstrating the Co/NG
and the Pt/C display comparable catalytic activity for ORR.
Electricity generation was monitored using the batch cycle
operation at an external resistor of 100 Q. The Co/NGyjcy
GFC generates a maximum current density of 0.36 mA cm >
in an electrolyte containing 0.1 M NaOH and 0.05 M glucose
fuel. The generated current then gradually decreased with the
color change of the anode electrolyte, from colorless to yellow
brown (Fig. S11, ESI}), indicating glucose prevailingly oxidizes
to gluconolactone, providing 2 electrons per mole of glucose
(eqn (1)); such catalytic behavior toward glucose oxidation is
similar to that of a single enzyme that normally oxidizes
glucose to gluconolactone. A reproducible cycle of current is
obtained upon 4-cycle operation within about 20 days (Fig. 4c),
indicating the Co/NG,"GFC is capable of producing steady
electricity upon long-term operation. In contrast, the Pt/C(,GFC
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Fig. 4 (a) Schematic diagram of the as-designed Co/NG,)-GFC;
(b) relation of the current density with the anode and cathode potential
of the Co/NG-GFC (red) and Pt/C-GFC (blue); (c) the output
current with time when loading an Rex of 100 Q in the Co/NG)i-GFC;
(d) polarization and power density curves of the Co/NG,)io)-GFC.
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only produced a maximum current density of ca. 0. 26 mA cm™ > in
the initial cycle, which is smaller than that of the Co/NG,;-GFC.

CeH1,06 + 1/2 0, - CgH;006 + H,0 1)

A polarization curve was also examined to further investigate
the performance of the two GFC devices. As shown in Fig. 4d,
the Co/NGg,||-GFC presents an open circuit voltage (Vo)
of around 0.79 V and a maximum power density (Pmax) Of
0.15 mW cm™ > at the current density of 0.6 mA cm ™, while the
Pt/Cajjc"GFC decreases to 0.76 V in V,,. with a remarkable drop of
the Ppay to 0.12 mW cm™ > (Fig. S12a, ESIT). It should be noted
that the Co/NG,"GFC, despite being free of enzymes and
precious metals, yield a considerable maximum current density
of ca. 1.3 mA cm™>, a value comparable with most of the previous
enzyme-based fuel cell."”> The Co/NG also shows an obvious advan-
tage in durability, as manifested by the cycle tests. The Pt/CgyGFC
shows a drastic decrease in current density even in the second cycle
(Fig. S12b, ESIt). These results suggest the Co/NG hybrids can
perform better than the commercial Pt/C in terms of output power
and stability when used as electrode catalysts of GFCs.

The Co/NG does show the highest catalytic activity, NG
displays a rather low activity, and graphene shows the lowest
activity toward GOR and ORR (Fig. S6 and S9, ESIt), suggesting
both Co nanoparticles and nitrogen doping synergistically
contribute to improving the catalytic activity toward GOR and
ORR. On one hand, the Co/NG has a considerably large surface
area and a high electrical conductivity; these desirable features
can accelerate the electron transfer and facilitate mass (ions
or electrolyte) transport. On the other hand, the catalytic sites,
including doped nitrogen and Co nanoparticles, can readily
access electroactive substances and synergistically catalyze
GOR or ORR. Moreover, the Co particles are wrapped and
linked by a network of graphene with the formation of a robust
hierachical 3D structure, which provides a stable structure for
long-term operation of fuel-cell. Given that the Co/NGg,|-GFC
possesses low-cost benefits while outperforming the Pt/Cyjjc)
GFC, the as-developed non-enzymatic and precious-metal free
fuel cell is of great potential in energy conversion related fields.

In conclusion, an unprecedented approach has been devel-
oped for fabricating graphene-based nanohybrids while simulta-
neously implementing nitrogen doping and Co nanoparticle
loading with solid materials as sources. The Co/NG hybrids show
bifunctional electrocatalytic properties towards glucose oxida-
tion reaction and oxygen reduction reaction with a high activity
and a low overpotential. The as-designed H-type GFC with the
Co/NG hybrids as both anode and cathode catalysts significantly
outperformed the Pt/C)"GFC in terms of the output power
density and the long-term stability. This pragmatic approach
might boost further studies to explore functional graphene-
based hybrids for a variety of applications.
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