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A low-surface-area nitrogen-doped carbon nanomaterial was prepared
via a facile annealing method, which shows good Na-ion storage
ability (334 mA g) and coulombic efficiency due to its mixed
charge—discharge mechanism and unique structural features.

Among various energy storage devices, rechargeable lithium-ion
batteries (LIBs) are intensively studied as power sources for
consumer portable electronic devices owing to their high specific
capacity, rate capacity and cycling stability."”> However, the high
cost and limited terrestrial reserves of lithium may restrict LIBs’
applications for large-scale energy storage.** Therefore, attention is
starting to shift to exploring alternative energy storage technologies.
Na-ion batteries (SIBs) have already become one of the most
attractive low-cost alternatives to LIBs due to the abundant
supply and wide distribution of sodium resources.” In recent
years, significant progress has been made in the field of cathode
materials for SIBs.*” Correspondingly, several anode materials,
such as metal oxides,®° alloys,'® and carbonaceous materials,"*
have also been investigated for SIBs. Since the first report on
transition metal oxide spinel NiCo,0, as an anode for SIBs in
2002,® many metal oxides such as Fe,O3,"> Sn0O,,"* C0,0;"* and
CuO" have been investigated as anodes for SIBs. However,
the relatively low initial coulombic efficiency, poor electronic
conductivity, large hysteresis and enormous volume expansion
have limited the application of metal oxides though they exhibit
high capacity and energy densities.'®'” Therefore, carbonaceous
materials are regarded as the most promising candidates for
SIBs due to their abundance, thermal stability and low price
similar to anode materials for LIBs. However, graphite, which is
used as the commercial LIB anode, exhibits an extremely low
capacity of 31 mA h g~ for Na-ion storage.'® This is due to that
in LIBs the formation of a series of binary graphite intercalation
compounds (b-GICs) allows the reversible intercalation of Li-ions"
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while this mechanism cannot be applied to SIBs due to the lack of
suitable binary intercalation compouds.'® The mismatch between
the Na ion and graphite structure leads to no existence of b-GICs
under moderate conditions.”**' To overcome these issues, many
other carbonaceous materials have been proposed, including hollow
carbon nanowires/nanospheres,” carbon nanotubes (CNTs),** and
porous carbon fibers, possessing a larger interlayer spacing with
various morphologies and structures to obtain a higher capacity in
Na-ion storage.”* Introduction of nitrogen atoms is considered to
be an effective way to improve the electrochemical performance of
Na-ion batteries, which can enhance both the electric conductivity
and capacity.>*® It is also reported that nitrogen doping can
generate a pseudo-capacitance due to the interaction between the
electrolyte and N species on the surface.”” For example, Cao et al.
investigated hollow carbon nanowires derived from polyaniline,*
which can deliver a reversible capacity of 251 mA h g~ " with a
50.5% initial coulombic efficiency. Wang et al. synthesized porous
N-doped nanosheets from graphene oxide (GO) that show a
reversible capacity of 200 mA h g~ after 250 cycles at a current
density of 50 mA g~".”® The studies described above have shown
that N-doped porous carbon materials generally exhibit good
rate and cycling capability, but the initial coulombic efficiency
is typically very low due to the more prominent formation of a
solid electrolyte interphase (SEI) layer on the large surface.*
Therefore, a facile method for the synthesis of N-doped carbon
with high capacity and a low surface area is desirable. Herein,
we report a low-surface-area carbonaceous derivative of Prussian
Blue (PB) with rich nitrogen doping, which can exhibit high
reversible capacity (334 mA h g ' at 0.05 A g '), excellent
cycling performance (212 mA h g™ ' after 200 cycles at the
current density of 0.01 A g~') and a high initial coulombic
efficiency of 64.9%. In addition, the different Na-ion storage
mechanisms of the samples annealed at different temperatures
have been discussed.

As demonstrated in Scheme 1, nitrogen doped carbon
nanomaterials were synthesized via a facile annealing method using
PB as a precursor (experimental details can be found in the ESIt). By
applying different annealing temperatures (550 °C and 650 °C)
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Scheme 1 Formation process of different nitrogen-doped hollow carbon
shells (NC-550 and NC-650).

Few layer N-Graphene

under an argon atmosphere, two types of nitrogen doped
carbon (NC) can be obtained (NC-550 and NC-650).

The morphology and structure characteristics of NC-550 and
NC-650 are investigated using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). In the SEM
image of NC-550 (Fig. 1a), it can be observed that NC-550 consists
of blocky-shaped particles with diameters around 10-30 pm, which
shows smooth surfaces with a few honeycomb-like structures
exposed to the surface. However, as shown in Fig. 1d, NC-650
exhibits a much rougher surface indicating a porous structure.
Images under higher magnification were taken to further investi-
gate the crystalline structure of the samples. From the TEM images,
NC-550 (Fig. 1b and c) clearly demonstrates that it has a relatively
ordered macroporous feature with arranged thick graphene
layers, which not only allows electrolyte permeation and but
also enhances the sodium ion transfer rate between the electrode
and the electrolyte.”

X-ray diffraction (XRD) patterns are collected to study the
crystallinity information of the final two samples (Fig. 2a). Both
NC-550 and NC-650 exhibit two broad peaks at around 25.8°
and 43.0° on the XRD spectrum, which can be indexed to the
(002) and (101) planes, respectively. Notably, N-550 shows a
weak peak at 26.5°, indicating the presence of crystalline carbon
or a graphite-like structure and a small dy, spacing of 0.34 nm.
Compared to NC-650, NC-550 contains a more graphite-like
domain which is transformed from graphene layers.”®> N,
adsorption-desorption isotherms of NC-550 and NC-650
(Fig. 2b) both show typical type IV shapes with H; hysteresis,
indicating the presence of mesopores.>> NC-650 shows a high

i

graphite layers

Fig. 1 SEM images of NC-550 (a) and NC-650 (d), and TEM images of
NC-550 (b and c) and NC-650 (e and f).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) XRD data of NC-550 and NC-650; (b) N, adsorption/desorption
isotherms of NC-550 and NC-650; and Raman spectra of N-550 (c) and
NC-650 (d), which are fitted into four Lorentzian peaks.

Brunauer-Emmett-Teller (BET) surface area of 553.2 m* g ',
while NC-550 only shows a much lower specific surface area of
121 m* g "

According to the pore size distribution curves (Fig. 2b, inset),
NC-550 mainly consists of macropores and a few mesopores
and NC-650 shows a high content of mesopores, implying that
the Fe*" in PB has different catalytic effects on the formation of
graphene layers at different temperatures. Furthermore, Raman
spectra of NC-550 and NC-650 between 800 and 2000 cm ™ * are
measured to calculate the coherence lengths of graphenic
domains (L,) according to the following equation:

Ly(nm) = (24 x 107'%) 2 * C_G) (1)
D

where A, is 514 nm, and I and I, are intensities of the G band
and the D band, where the D band at ~1350 cm ™' can be
attributed to the A, vibration of finite-sized graphitic domains
and the G-band at ~1600 cm ' is resulted from the Eog
vibration of sp® carbon.”® Two broad peaks in the Raman
spectra of NC-550 and NC-650 can be fitted into four Lorentzian
peaks to identify the D and G bands accurately as shown in
Fig. 2c and d. According to eqn (1), the L, values of NC-550 and
NC-650 are calculated to be 8.48 nm and 10.81 nm, respectively.
The shorter coherence length of graphenic domains for NC-550
suggests that the graphenic layers in NC-550 may be shorter or
more curved. Moreover, the ratio of I, to I5 can also be
considered as an indication of defect concentration.*® Therefore,
it can be deduced that NC-550 contains a higher concentration of
defects due to a higher ratio (1.96) than that of NC-650 (1.61). It can
be concluded that NC-550 has a lower degree of graphitization,
which is reported to be advantageous in Na* storage.**>

Recent studies have shown that nitrogen doping in carbon-
based anodes plays an important role in the electrochemical
performance of SIBs. Nitrogen dopants not only improve the
electrical conductivity of carbon, but also generate extrinsic
defects to support active Na storage sites.”>?® X-ray photoelectron
spectroscopy (XPS) measurements also were carried out to analyse
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Fig. 3 (a) N 1s XPS survey spectra of NC-550 and NC-650 with fittings
and (b) schematic of different types of N in carbon.

the different functional groups in NC-650 and NC-550 (shown in
Fig. S1, ESIt). From Table S1 (ESIt) it can be seen that the atomic
contents of nitrogen for NC-650 and NC-550 are 12.8% and 15.9%,
respectively. The XPS data have been further analyzed, and XPS
fitting was carried out for N 1s spectra. Fig. 3a shows three types
of N atoms: pyridinic N (N-6), pyrrolic N (N-5) and quaternary
N (N-Q). N-5 and N-6 are defective sites and usually considered
to be electro-active for Na storage.*® From Fig. 3b, it can be seen
that the pyridinic N (N-6, 398.4 &+ 0.2 eV) and pyrrolic N (N-5,
399.8 £ 0.2 eV) are dominant components in both samples. The
total atomic contents of pyridinic and pyrrolic N in NC-550 and
NC-650 are 90.5% and 77%, respectively. The higher content for
defective N sites in NC-550 could be beneficial for its electro-
chemical performance.

To examine their electrochemical properties, NC-550 and
NC-650 have also been fabricated into electrodes for Na-ion
half-cells. Fig. 4a shows the first-cycle voltage profiles of NC-550
and NC-650 electrodes at the current density of 50 mA g~ . The
electrodes of NC-550 and NC-650 deliver reversible specific
capacities of 373 and 292 mA h g ' with initial coulombic
efficiencies of 64.9% and 24.3%, respectively. The large irrever-
sible capacity loss for NC-650 results from the large degree of
electrolyte decomposition and SEI layer formation on its large
surface, while NC-550 exhibits a higher initial coulombic
efficiency and reversible capacity due to its unique structure
with a low surface, more active sites and higher disorder degree
for sodium storage. Fig. 4b displays the rate performances of
the NC-550 and NC-650 electrodes. The NC-650 electrode
exhibits a poor rate performance with a capacity of merely
110 mA h g~ " at a current density of 0.5 A g~ ', while the NC-550
electrode delivered reversible capacities of 334, 317, 295, 276,
247 and 212 mA h g~" at current densities of 50, 80, 100, 150,
250, and 500 mA g ', respectively. And a reversible capacity of
315 mA h g7 can be recovered as the current density reversed
to 50 mA g~ ". In addition, as illustrated in Fig. 4c, a reversible
capacity of 213 mA h g~ (76.1% retention) was retained for the
NC-550 electrode after 200 cycles at the density of 100 mA g™ %,
which is twice that of NC-650 (93 mA h g™, 55.7% retention), so
NC-550 exhibits a better capacity retention ratio with a slow
capacity fading process compared with NC-650. After 200 cycles, a
smaller charge-transfer impedance (R.) for NC-550 is demon-
strated compared with NC-650 in the electrochemical impedance
spectra (Fig. 4d), which is another evidence for less SEI formation
on the NC-550 electrode. Fig. 4a-d show that NC-550 possesses
superior electrochemical properties compared to NC-650, which
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Fig. 4 (a) First-cycle voltage profiles of two samples at a current rate of
50 mA g% (b) cycling performances of NC-550 and NC-650 at different
densities; (c) long-term cycling performances of NC-550 and NC-650;
(d) Nyquist plots of half cells with NC-550 and NC-650 before (inset) and
after 200 cycles; (e) 2nd cyclic voltammograms of half cells at the scan

rate of 0.1 mV s and (f) capacitive charge storage contributions of

NC-550 and NC-650 at the scan rate of 1 mV s~2.

can be attributed to its unique structures demonstrated above
including the lower specific surface area, lower degree of
graphitization and more active N-doping sites. Since NC-550
and NC-650 exhibit varied voltage profiles (Fig. S2, ESIt), it is of
great importance to study their charge-discharge mechanisms.
The cyclic voltammetry (CV) results of NC-550 and NC-650
are shown in Fig. 4e. It can be seen that during the anodic scan,
NC-550 shows a sharp desodiation peak, which is observed for
NC-650, suggesting that the charge-discharge mechanisms for
NC-550 and NC-650 might be different. Generally, the current
collected from the carbon-based anodes includes a redox
pseudo capacitive process generated at the surface of active
materials and the diffusion-controlled process in the bulk of
materials.>* To further study the pseudo capacitance’s contribution
to the total Na-ion storage, CV curves at different current densities
were applied. The contribution from capacitive effects and the
diffusion-controlled process can be represented as:

iV) = kv + kM (2)

where i(V) represents the total current response at a given
potential V, v is the scan rate, and k; and k, are constants.
Here, kv and k" correspond to the surface capacitive
behaviour and the diffusion-controlled process, respectively.
After interpreting the results from CV curves at different scan
rates (details shown in Fig. S3 and S4, ESIt), the values of k; and
k, can be determined in order to calculate the pseudo capacitive
current contribution at a given potential. As shown in Fig. 4f, at
the scan rate of 1 mV s~ ', the potential profiles for the current

This journal is © The Royal Society of Chemistry 2018
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responses of capacitive effects are presented to compare
with the total measured current area. A dominating capacitive
contribution is 98% for a NC-650 electrode, indicating that the
Na-ion storage is significantly associated with the surface reaction.
However, the NC-550 electrode delivers a smaller pseudo capacitance
storage (77%), indicating that the Na-ion storage is only partly
related with the surface reaction. To understand the kinetic origin,
the degree of capacitive effect can be qualitatively analysed corres-
ponding to the relationship between the measured current (i) and
scan rate () from the CV curves:

i=at (3)

where a and b are both constants. The value of b, generally found
between 0.5 (diffusion limited) and 1.0 (surface capacitance-
dominated), is determined from the slope of the log(i) vs. log(v)
curve (details shown in Fig. S5, ESIT). The b-values of NC-550 at
different potentials are in between 0.5 and 1, indicating a mixture
of both the lithium semi-innate linear diffusion and the surface
reaction. In contrast, the b-values of NC-650 are approximately 1 at
all potentials, indicating that the surface reaction contributes
almost 100% capacity of NC-650 due to its large surface area. As
a result, it is believed that this mixed Na" storage mechanism of
NC-550, which originates from its unique structure, is the main
reason for the improved electrochemical performances.

To conclude, carbon nanosheets with relatively low specific surface
areas (NC-550) and high specific surface areas (NC-650) were prepared
and tested as anode materials for SIBs. NC-550 exhibits high initial
coulombic efficiency (64.9%), reversible capacity (334 mA h g~ * at
50 mA g~ ") and excellent cycling performance (212 mA h g™ after
200 cycles at 100 mA g~ %). The superior electrochemical properties of
NC-550 can be attributed to its mixed charge-discharge mechanism
and structural features including the lower specific surface area, lower
degree of graphitization and more active N-doping sites. This
promising approach can be further explored to acquire low-cost
materials for sodium-ion batteries.
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