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High-loading atomic cobalt (12.8 wt%) dispersed on nitrogen-doped
graphene was successfully synthesized via considerably low tem-
perature pyrolysis. The catalyst exhibits excellent electrocatalytic
performance towards the oxygen reduction reaction with a large
limiting diffusion current density of 5.60 mA cm2 (10% higher than
that of commercial Pt/C), and when acting as the air catalyst of
Zn-air batteries, a high open-circuit voltage of >1.40 V and excel-
lent power density are also achieved.

The oxygen reduction reaction (ORR) is one of the most funda-
mental and important reactions in fuel cells and metal-air
batteries."”> However, this reaction suffers from slow kinetics,
and thus highly efficient electrocatalysts are required to pro-
mote the reaction processes.>* Platinum-based catalysts are the
most active ORR catalysts, but scarcity and high cost limit their
widespread use.! In this regard, active, durable and low-cost
electrocatalysts are indeed essential for the ORR.

Transition metal single atoms supported on nitrogen-doped-
carbon (denoted as single-atom catalysts (SACs)) have emerged
as promising alternatives to noble metal-based catalysts due to
their high activity in electrocatalysis.*> Specifically, Zelenay et al.
developed a kind of highly active Fe-N-C catalyst via pyrolyzing a
polyaniline/cyanamide-based precursor at 900 °C, and a remark-
able ORR performance was achieved.' Tour et al. designed an
electrocatalyst with Co atoms anchored on nitrogen-doped
graphene via annealing the mixture of an inorganic salt and
graphene at 750 °C in NH;, obtaining efficient electrocatalytic
performance towards the hydrogen evolution reaction.®
Zhang et al. also reported a self-supporting Co-N-C catalyst
for hydrogenation of nitroarenes through 700 °C pyrolysis of a
Co(phen),(OAc), complex precursor.”
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For SACs, the active site number and specific activity
(normalized by surface area) will both increase when the metal
loading goes up, while atoms will easily aggregate into nano-
particles if the loading reaches a certain amount.® Besides,
most of the SACs are synthesized through high temperature
pyrolysis (> 700 °C), making high energy consumption inevitable.
Thus, how to obtain SACs with high-loading via low temperature
still remains a challenge.

In this work, we report a low temperature method (300 to
400 °C) to disperse the cobalt atoms on nitrogen-doped graphene
(denoted as CoNG) via thermal treatment under flowing NH;
atmosphere. The nitrogen species as well as cobalt states of
CoNG have been mainly tuned through controlling the tempera-
ture. CONG-350 exhibits optimal performance in the ORR, and
primary Zn-air batteries based on CoNG-350 as the air catalyst
show high power density and good operation durability.

The synthesis process of CoNG is schematically illustrated in
Fig. S1 (ESIT). A precursor solution containing cobalt acetate
and graphene oxide was freeze-dried to obtain a brownish
cotton-like sample, and then the final product (Co dispersed
on nitrogen-doped graphene, CoNG) was achieved through
annealing the dried sample under flowing NH; atmosphere
with considerably much lower temperature (300 °C to 400 °C)
compared with other reported works (summarized in Table S1,
ESIf). Controlled samples with different Co loading on
nitrogen-doped graphene (NG, Co, ;NG and Co;NG) were also
synthesized through the same procedure except that the
amount of cobalt acetate added in the precursor solution was
different. It should be pointed out that the synthetic procedure
is significantly different from that reported by Tour et al®
The annealing temperature is much lower (high temperature
pyrolysis is usually inevitable to obtain high performance
M-N-C catalysts)® and the metal loading is much higher (higher
metal loading will result in higher activity especially for metal
single atom catalysts).”

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of CoNG-350 are shown in

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) SEM and (b) TEM images of CoNG-350; (c) HAADF-STEM image
and the corresponding EDX elemental maps of CoONG-350; (d) HR HAADF-
STEM image of CoNG-350; (e) Co K-edge XANES spectra and (f) Fourier-
transformed EXAFS spectra of CONG-350 and its reference samples, and
inset in (e) is the first derivative XANES data.

Fig. 1a and b, respectively. Graphene-like morphology is kept
after annealing, and no impurities can be observed. NG-350,
CoNG-300 and CoNG-400 also exhibit the same morphology as
CoNG-350 (Fig. S2a-d, ESIT). From the high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
image and corresponding energy-dispersive X-ray (EDX) elemental
maps of CoONG-350 (Fig. 1c), it can be seen that the elements of
Co, C and N are uniformly dispersed. The high-resolution (HR)
HAADF-STEM image (Fig. 1d) further demonstrates that a number
of bright spots corresponding to Co species are homogeneously
dispersed on graphene.

To further verify the coordination structure and chemical
state of Co in CoNG-350, X-ray absorption fine structure (XAFS)
analysis at the Co K-edge was carried out. Co K-edge X-ray
absorption near-edge structure (XANES) spectra of CONG-350 as
well as the reference samples are shown in Fig. 1e. The XANES
profile of CoNG-350 is different from those of the reference
samples. Specifically, a pre-edge peak at ~7715 eV of CoPc can
be observed, which is assigned to the Co-N4 square-planar
structure,” but the pre-edge peak of CoNG-350 is located at
~7710 eV, which is indicative of forbidden 1s-to-3d transition
in the octahedral configuration.'®'" The first derivative XANES
data (inset in Fig. 1e) shows that the energy value at the first
inflection point of the XANES spectra is about 7720, 7709, 7720
and 7721 eV for CoNG-350, Co foil, CoO and CoPc, respectively,
suggesting that the CoONG-350 has a Co valence state of about
+2.%7 The Fourier-transformed extended X-ray absorption fine
structure (EXAFS) spectra (Fig. 1f) are also shown in R space
without phase correction (the R value is not the actual distance
between atoms). The main peaks of Co-Co and Co-O in Co foil
and CoO exhibit longer R distance than that of CoNG-350,
indicating that no metallic Co and cobalt oxide-like species
exist in CoNG-350.” Meanwhile, the prominent peak of CoNG-
350 located at 1.44 A is very close to that of cobalt phthalocya-
nine (CoPc) (1.41 A), demonstrating the possible configuration
of Co-N4 in CoNG-350, and considering the octahedral feature
deduced from the pre-edge peak, it is further inferred that two
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oxygen molecules may also be adsorbed on the Co center along
the vertical direction.”"®"'! Based on the above analysis and the
previous reports,®”*? it can be concluded that Co is atomically
dispersed on N-doped graphene, and shows a valence state of
about +2 with N in the first coordination shell.

Chemical composition and elemental state were further
characterized by X-ray photoelectron spectroscopy (XPS). The
XPS survey spectra (Fig. S4a, ESIt) show the presence of C, N, O
and Co in all CoNG samples annealed at different tempera-
tures. By combining inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) and CHNO elemental analysis, the
elemental content of CONG-350 is determined (Fig. S4b, ESIT),
and the Co loading is measured to be 2.89 at% (12.8 wt%). The
Co loading of CoNG-300 (2.65 at%) and CoNG-400 (2.72 at%) is
almost as high as that of CONG-350 (Fig S4e, ESIf). It is noted
that the Co loading in CoNG is much higher than those of
previous reports (summarized in Table S1, ESIt). Specifically,
the Co content in CoNG-350 is 235% as much as that reported
by Tour et al.® who used a similar method to synthesize Co-N-G
via much higher temperature pyrolysis. The reason for such a
high loading of atomic Co is that the pyrolysis temperature is
low enough and Co species do not easily aggregate, thus, a
higher feeding ratio of Co source can be added without danger
of forming nanoparticles.

The O 1s XPS spectra (Fig. S4c, ESIt) of all the samples are
deconvoluted into three peaks at 530.3, 531.4 and 533.3 €V,
ascribed to C=0, C-O and C-OH, respectively,'* and the C 1s
XPS spectra also present the corresponding bonds connected to
oxygen or nitrogen in all samples (Fig. S4d, ESIt).® The absence
of Co-O peaks indicates that there is no coordination between
cobalt and oxygen, i.e., no cobalt oxide-like species are formed.
The Raman spectra (Fig. S3, ESIT) reflect that the intensity ratio
of the D-band (band for disorder, 1325 cm™ ') to G-band (band
for graphite, 1590 cm™ ') changes with temperature, and CONG-
350 has the lowest value of Ip/Ig, suggesting that the sample
annealed at 350 has a better graphitic structure, which can
facilitate the electron transfer during ORR processes.'?

The N 1s XPS spectra (Fig. 2a) can be deconvoluted into
different types of nitrogen, namely Co-N/pyridinic N (398.4 eV;
the binding energy between Co-N and pyridinic N are too close
to be deconvoluted), pyrrolic N (399.6 eV) and graphitic N
(401.3 eV).">"* It has been widely demonstrated that pyridinic
N plays a crucial role in ORR performance, and a higher
proportion of pyridinic N can result in more efficient catalytic
performance towards the ORR.>'® As shown in Fig. 2b, with the
temperature increasing from 300 to 400 °C, the content of
graphitic N rises while pyrrolic N decreases, and an extreme
value of pyridinic N content appears at 350 °C.

The Co 2p XPS spectra (Fig. 2c) of all the samples show two
peaks located at ~796.5 and ~781.1 eV, corresponding to 2py,
and 2p;), levels, respectively.®!” The binding energy difference
of the two peaks above is ~15.4 eV, which is characteristic of
Co(n) species,'” and the result is consistent with that observed
from XANES data. The enlarged region of the Co 2p;z, XPS
spectra (Fig. 2d) presents a slight decrease of binding energy
with the increase of temperature, revealing that more electrons
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Fig. 2 XPS spectra analysis of CoNG-300, CoNG-350 and CoNG-400:
(a) high-resolution N 1s XPS spectra and (b) percentages of different types
of N analyzed from (a); (c) high-resolution Co 2ps,» XPS spectra and (d) the
corresponding enlargement of (c).

accumulate around the local Co atom’s center, and the higher
electron density around Co atom sites can promote the electron
consuming processes of the ORR.

Electrocatalytic performance for the ORR of all the as-
synthesized samples and state-of-the-art commercial Pt/C
(20 wt%) were measured on a rotating disk electrode (RDE) in
O,-saturated 0.1 M KOH. Fig. 3a shows the typical cyclic
voltammograms (CVs) at the scan rate of 5 mV s . CoNG
samples annealed at different temperatures show more positive
cathodic peaks than that of NG-350 (0.70 V), indicating the
importance of dispersing Co atoms on NG. Besides, CONG-350
possesses a more positive peak value (0.82 V) than CoNG-300
(0.80 V) and CoNG-400 (0.81 V), suggesting that the sample
annealed at 350 °C has the best performance. Linear sweep
voltammetry (LSV) curves (Fig. 3b) reveal that CONG-350 has the
highest onset potential (0.90 V) and limiting diffusion current
density (5.60 mA cm™?) among all the as-synthesized samples,
and the limiting current density of CoNG-350 is even higher
than that of commercial Pt/C (5.1 mA cm ) and recently
reported single-atom catalysts (summarized in Table S1, ESIT).

The Tafel plots based on specific activity (Fig. 3c) exhibit a
slope of 54, 50, 51, 86 and 89 mV dec™ ' for CONG-300, CONG-
350, CoNG-400, NG-350 and Pt/C, respectively. A smaller slope
achieved in CoNG-350 suggests considerably faster kinetics for
the ORR.>'® Koutecky-Levich (K-L) curves (Fig. S6b, ESI%)
derived from the ORR polarization curves (Fig. S6a, ESIT)
confirm the 4-electron transfer reaction of the ORR using
CoNG-350 as the catalyst. To further investigate the electron-
transfer number and the hydrogen peroxide yield (H,O, %),
rotating ring-disk electrode (RRDE) measurements were also
carried out for CoNG-350 and Pt/C catalysts (Fig. 3d). The
electron transfer number and the peroxide yield for CONG-350
are close to 4 and 4%, respectively, at the region of 0.45-0.80 V
(Fig. 3e). Chronoamperometric tests at half-wave potential
were also carried out (Fig. 3f). CoNG-350 and Pt/C kept 82%
and 77% of their initial current after long term running of
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Fig. 3 ORR performance of CoNG-300, CoNG-350, CoNG-400,
NG-350 and Pt/C tested in Oj-saturated 0.1 M KOH solution: (a) CV
curves tested at the scan rate of 5 mV s7%; (b) LSV curves tested at the
rotation speed of 1600 rpm with the scan rate of 5 mV s~%; (c) Tafel plots
derived from (b). (d) LSV curves of CoNG-350 and Pt/C measured on
RRDE; (e) peroxide yields and electron-transfer numbers of CoNG-350
and Pt/C; (f) chronoamperometric curves measured at half-wave potentials
of CoNG-350 and Pt/C.

~40000 s, respectively, validating the stability during the ORR
of CoNG-350.

To study the effect of Co loading on the electrocatalytic
performance, we also synthesized Co,sNG-350 and CozNG-350
for comparison. As shown in Fig. S7a-d (ESI}), the surface on
graphene is very clean and smooth for Co, sNG-350, while obvious
particles can be observed for Coz3NG-350, suggesting that when the
Co content is increased, cobalt species will aggregate without
forming single atoms. Both the onset potential and limiting
diffusion current density of CONG-350 are much higher than those
of CoysNG-350 and Coz;NG-350 (Fig. S7e, ESIT), confirming the
preferential amount of Co atoms dispersed on NG of CoNG-350.

To illustrate the relationship between high electrocatalytic
performance and chemical structure, work function was mea-
sured by ultraviolet photoelectron spectroscopy (UPS, Fig. S5,
ESIT): the lower the value of the work function is, the easier the
transfer of electrons from catalyst to reactant is.****?° CoNG-
350 possesses lower work function (5.94 eV) compared with
CoNG-300, CoNG-400 and NG-350, revealing that the electrons
from CoNG-350 can be more easily stimulated to take part in
the processes of ORR. Besides, based on the previous analysis,
the sample annealed at 350 °C possesses an optimal content of
different types of N, and pyridinic N which benefits the ORR
processes has the highest content percentage; the local electron
density around Co atom sites of the samples annealed at higher
temperature is denser, and the denser electron density can also
promote the electron consuming processes of the ORR.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Electrochemical performance of primary zinc-air batteries.
(a) Discharge polarization curves and corresponding power density of
CoNG-350 and Pt/C, respectively. (b) Galvanostatic discharge curves of
CoNG-350 and Pt/C tested at 10 and 200 mA cm™2. All the data are iR
corrected (R = 1.25 Q).

Encouraged by promising ORR electrochemical results,
CoNG-350 was applied as the air catalyst of a primary Zn-air
battery, which has attracted great interest over recent years as a
kind of promising energy storage device.>'>* To assess the
battery performance, ink made from CoNG-350 or Pt/C was
uniformly deposited onto hydrophobic carbon fiber paper
(CFP) as the air cathode (active material loading is 1 mg cm™?),
and the electrochemical performance was measured in 6 M KOH
using a customized electrochemical cell.

Fig. 4a depicts the curves for polarization and power density.
The open circuit voltage of the Zn-air battery based on
CoNG-350 is >1.40 V, and in the high current density region
(>175 mA cm >, pink region), the voltage of the CONG-350
based Zn-air battery is superior to that of the Pt/C based cell.
Moreover, the power density can reach 300 mW cm™ >, higher
than that of the Pt/C based Zn-air battery. For the CoNG-350
based Zn-air battery, only a slight voltage loss can be observed
after galvanostatically discharging at the current density of
10 mA cm? for 15 h (Fig. 4b), close to that of Pt/C. While at
200 mA cm 2, there is a significant voltage loss for Pt/C, and
CoNG-350 is relatively more stable. Moreover, as depicted in
Fig. S8 (ESIt) the specific discharge capacity of CoNG-350 is
785 mA h g™, higher than that of Pt/C (760 mA h g~ "). The
energy density of CONG-350 is calculated to be 926 W h kg™?,
almost the same as that of Pt/C (927 W h kg™ ). The above
results suggest that CONG-350 can serve as a robust catalyst for
Zn-air batteries due to its high activity and good durability.

In summary, N-doped graphene supported atomic cobalt
was feasibly obtained at a considerably low temperature. High
activity and robust durability of CoNG-350 for the ORR were
achieved, and excellent electrochemical performance of the
CoNG-350 based Zn-air battery was also realized. The optimal
content of different types of N and the higher electron density
around Co atom sites as well as the low work function are
responsible for the improved electrocatalytic performance. Our
synthetic strategy can be extended to prepare other kinds of
non-noble atomic metals supported on N-doped graphene, and
the electrochemical performance may be further improved through
the control of metal species.

This journal is © The Royal Society of Chemistry 2019
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