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High-Performance Sodium lon Batteries Based
on a 3D Anode from Nitrogen-Doped

Graphene Foams

Jiantie Xu, Min Wang, Nilantha P. Wickramaratne, Mietek Jaroniec, Shixue Dou,*

and Liming Dai*

Over the past several decades, lithium ion batteries (LIBs)
have been successfully used as the rechargeable energy source
of choice in various portable and smart devices (e.g., personal
computers, cell phones, cameras, MP3 players) because of
their high energy density and long lifetime.lll A continuously
growing demand for them in large-scale applications, such as
electric vehicles (EVs) and hybrid electric vehicles (HEVs), raises
great concerns about the high cost ($5000/ton for lithium) and
limited terrestrial reservation of lithium.2l Therefore, sodium
ion batteries (SIBs), based on the earth-abundant inexpensive
sodium ($150/ton for sodium) from the alkaline family, have
recently attracted increasing attention as a low-cost alternative to
LIBs. So far, there are a few anode materials have been identified
for SIBs while a large number of potential cathode materials,
including NaCrO, Nag 4MnO,, NaV;0;5, NaNi; 3sMn; ;3Fe; 30,
Na,3[MMn;_,]JO, NaMF; (M = Fe, Mn, V, and Ni), NaFePO,,
Na,MPO,F, and Na;M,(PO,4); (M = Fe, Mn, Co, and Ni), were
developed.?*3] Consequently, one of the major critical issues for
the development of high-performance SIBs is to identify suit-
able anode materials. Being earth-abundant, cost-effective, eco-
friendly, thermally stable, and electrically conductive, carbon
nanomaterials are considered to be one of the most promising
candidates among the limited number of various anode mate-
rials for SIBs, including Na,Ti;0,, NiCo,0, TiO,, Sn, P/C, and
Li Tis0q,.2 Nevertheless, the commonly-used commercial
graphite anode has been demonstrated to show a low revers-
ible capacity in SIBs (Table S1, Supporting Information).’! On
the other hand, a variety of other carbon based materials (Table
S1, Supporting Information), such as hard carbon,® carbon
black,”! cellulose and polyparaphenylene,® petroleum coke,!
carbon spheres,!'% porous carbon,M! carbon fibers,['?l carbon
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nanotubes,®! and graphene," were found to facilitate the
insertion/extraction of sodium ions into/from the host struc-
tures of SIBs. Recent research results indicate that the improve-
ment of the electrochemical performance of SIBs strongly
depend on the morphology and pore size of carbon materials
at anodes.[%1-4] Furthermore, heteroatom doping (e.g., N, B, S,
and P) of carbon nanomaterials, including graphene, has been
demonstrated to significantly enhance the electrical conductivity
and surface hydrophilicity of carbon-based electrodes to facilitate
the charge transfer and electrode—electrolyte interactions.! In
this regard, N-doped carbon nanomaterials have been explored
as the anode materials for LIBs and SIBs.[1611b11¢12212¢] Fyam.
ples include LIBs based on anodes from N-doped (3.06 at%
nitrogen) graphene (a reversible capacity of >1040 mAh g!
at a current density of 50 mA g in the voltage range of
0-2 V),l1% N-doped porous carbon nanofibers (a capacity of
~152 mAh g! with 88.6% capacity retention after 200 cycles
at 200 mA g in the voltage range of 0-2 V), and
N-doped porous carbon sheets (a highly reversible capacity of
349.7 mAhg™! with =50% capacity retention after 260 cycles
at 50 mA g in the voltage range of 0-3 V).?23 The perfor-
mance of other SIBs based on carbon anodes is summarized in
Table S1 (Supporting Information). As can be seen, the carbon-
based anodes in SIBs still suffer from a much lower capacity
and rate capability with respect to LIB counterparts.

As mentioned above, the morphology and pore size of
carbon anodes play important roles in regulating the Na* trans-
port and storage in SIBs.[®1%-l The use of carbon nanomate-
rials with a well-defined 3D morphology and pore size, in con-
junction with heteroatom-doping, could lead to ideal anodes
for SIBs with high performance. However, the potential use of
3D nanocarbon anodes for SIBs has hardly been investigated,
though various 3D carbon electrodes with excellent charge/ion
transport and mechanical properties in all dimensions have
found applications in solar cells,l'”] supercapacitors,'®! fuel
cells,” and even LIBs.”?” In the present study, we prepared
3D N-doped graphene foams (N-GF) (Product 6 in Figure S1,
Supporting Information) with a high 6.8 at% nitrogen con-
tent (elemental analysis shown in Table S2, Supporting Infor-
mation) by annealing the freeze-dried graphene oxide foams
(GOF) (Product 3, Figure S1, Supporting Information) in
ammonia,'”l and used them as the anode for SIBs. The use of
the GOF (Product 3, Figure S1, Supporting Information) as a
precursor for the post-synthesis annealing in ammonia allowed
for a low-cost, large-scale production of 3D N-GF.'’] For com-
parison, we have also prepared reduced graphene (rG) (1 — 2),
nitrogen-doped graphene (N-G) (1 — 4), and reduced graphene
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Figure 1. a) Raman spectra and b) XRD patterns of the N-G, rGF, and N-GF. c) X-ray photoelectron survey spectra (XPS) of the N-G, rGF, and N-GF.
d) High-resolution XPS Cl1s spectrum of N-GF and e) high-resolution XPS N1s spectrum of the N-GF.

foams (rGF) (1 - 3 — 5) (Figure S1, Supporting Information,
for experimental details).

Figure 1a shows Raman spectra of the N-G, rGF, and N-GF,
all of which revealed the pronounced D and G bands at around
1349 cm™! and 1592 cm™!, respectively. The N-GF sample
exhibited the highest peak intensity ratio of the D to G band
(In/Ig = 0.99) as compared to the corresponding ratios for the
N-G (Ip/Ig = 0.94) and rGF (Ip/Ig = 0.83) because of the struc-
tural distortion induced by N-doping and the edge defects asso-
ciated with the 3D foam-like structure. Both the N-doping and
edge defects could enhance the electrocatalytic activity of the
N-GF electrode.'”?!l X-ray diffraction (XRD) profiles for N-G,
rGF, and N-GF are shown in Figure 1b. As can be seen, a char-
acteristic (002) peak for graphitic carbon appeared at 26.1°,
26.1°, and 26.0° for the N-G, rGF, and N-GF, corresponding
to a layer-to-layer distance (d-spacing) of 0.341, 0.341, and
0.342 nm, respectively. Compared to a d-spacing of 0.336 nm
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for conventional graphite, the observed larger d-spacing for the
N-G, rGF, and N-GF samples is important for the insertion/
extraction of relatively large sodium ions.??? Figure 1c displays
the X-ray photoelectron spectroscopic (XPS) survey spectra of
the N-G, rGF, and N-GF, which show a pronounced XPS Cls
peak at about 285 eV for all of the three samples, along with
a much weaker O 1s peak at 534 eV (2.8 at% for N-G, 3.2 at%
for rGF, and 2.7 at% for N-GF). Upon doping with nitrogen
to produce the N-G (5.4 at%) and N-GF (5.9 at%), the Nis
peak appeared at about 400 eV (Figure 1c). High-resolution
XPS Ci1s spectra of the rGF, N-G, and N-GF are presented
in Figures S2b-d (Supporting Information), respectively
(Figure 1d). These Cls XPS peaks can be deconvoluted into a
dominated component for sp>-C at 284.5 eV, along with other
weaker bands associated with sp*-C at 285.4 eV, C-N at 285.2 eV,
and C-O at 285.9 eV, respectively.?’l As shown in Figure le
and Figure S2f d), the high resolution XPS N1s spectra of the
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Figure 2. a,b) SEM images and c,d) STEM images of the N-GF. Inset of (d) is the SAED pat-

tern of the N-GF.

N-GF and N-G can be deconvoluted into two peaks at 398.2 and
400.6 eV corresponding to the pyridinic nitrogen and pyrrolic
nitrogen, respectively.!'7-4]

To examine the morphology of the materials studied, we
performed scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) imaging. SEM images of the
rG (Figure S3a, Supporting Information) and N-G (Figure S3b,
Supporting Information) show mainly the “plate-like” gra-
phene. By contrast, all of the foam samples, including the GOF
(Figure S3c, Supporting Information), rGF (Figure S3d, Sup-
porting Information), and N-GF (Figure S3e, Supporting Infor-
mation, Figure 2ab), exhibit a foam-like surface structure
consisting of “flake-like” graphene sheets. A comparison of
the higher magnification SEM image of the rG (Figure S3a2,
Supporting Information) with that of rGF (Figure S3d2, Sup-
porting Information) indicates that the foam sample possesses
a more loosely packed graphitic sheets. Similar morphology
difference was observed between the N-G (Figure S3b2, Sup-
porting Information) and N-GF (Figure S3e2, Supporting
Information), which could lead to a higher sodium ion storage
in the foam-like electrode during discharge/charge processes.
Figure 2c¢,d and Figure S4 (Supporting Information) show the
corresponding TEM images for the N-G, rGF, and N-GF. The
low magnification TEM images in Figure S4al-a3 (Supporting
Information) show that the N-G, rGF, and N-GF were all com-
posed of transparent thin films with some thicker ripples, indi-
cating a single and/or few layered wrinkled graphene sheets.

wileyonlinelibrary.com
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The corresponding high resolution TEM
images in Figure S4b1-b3 (Supporting Infor-
mation) show largely amorphous structures
for the N-G, rGF, and N-GF, which are also
indicated by the diffused rings seen in the
associated selected area electron diffraction
(SAED) patterns (Figure S4cl-c3, Supporting
Information). It seems that the partial crys-
tallization of the amorphous GO starting
materials resulted in the formation of small
crystalline domains (cf. Figure 1b) interdis-
persed in the amorphous matrix; the latter
showed up dominantly in the TEM images.
The partial crystallization of N-GF was fur-
ther confirmed by HRTEM (Figure S4d,
Supporting Information). As can be seen, an
estimated lattice spacing of 0.347 nm (i.e.,
1.04/3 nm) in the crystalline domain is con-
sistent with the XRD results, both indicating
that the lattice spacing of the N-GF is larger
than that of conventional graphite, which
is important for the insertion/extraction of
relatively large sodium ions. Besides, the par-
tially crystalline domains could enhance the
charge transport and stabilize the foam-like
amorphous carbon matrix during the dis-
charge—charge process. The stable 3D matrix
would provide additional sites for sodium
storage without volume expansion, and
hence enhanced storage capacity and cycling
performance.[114122.14.16e.161]

Figure 3a reproduces the discharge/charge
profiles for the N-G, rGF, and N-GF at 0.2 C in the voltage
range of 0.02-3 V, which shows two apparent plateaus in the
first discharge process for all of the three samples. Note that
the second discharge plateau at around 0.1 V for the N-GF is
longer as compared to those for the rGF and N-G within the
first cycle, indicating a larger amount of sodium ions have
inserted into the N-GF during the discharge process. This
phenomenon was also confirmed by cyclic voltammetry (CV)
measurements. As shown in Figure S5b,d,f (Supporting Infor-
mation), a strong cathodic peak was observed for the N-G (C1),
rGF (C3), and N-GF (C5) electrodes at around 0.7 V, corre-
sponding to the first discharge plateaus in the first discharge
curves shown in Figure 3a. These pronounced peaks were gen-
erated from the electrolyte decomposition, leading to the for-
mation of the solid electrolyte interphase (SEI) films on the sur-
faces of the graphene electrodes. However, the intensity of the
second cathodic peak of the N-GF electrode recorded at around
0.1 V (C6) was much higher than those recorded for the rGF
(C4) and N-G (C2), which is consistent with the longer second
discharge plateau seen in Figure 3a. The electrolyte decom-
position for the SEI formation in our SIBs occurred at about
0.7 V, which is very close to the equivalent values for certain
LIBs!'6¢16d] and STBs based on N-doped carbon nanofibers.[''"!
In the subsequent discharge cycles, the cathodic peaks (C1, C3,
and C5) for the N-G, rGF, and N-GF, respectively, disappeared
(Figure S5b,d.f, Supporting Information) due to the presence
of the dense SEI films formed during the first discharge cycle.
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Figure 3. a) Initial charge—discharge curves of the N-G, rGF, and N-GF at 0.2 C; b) rate performance of the N-G, rGF, and N-GF from 0.2 Cto 10 G;
c) capacity retention of the initial capacity at 0.2 C versus C-rate; and d) cycling performance of the N-G, rGF, and N-GF at 1 C in the voltage range of

0.02-3.0 V (assumed 1 C =500 mA g'; Scapacity = specific capacity).

During the charge process, however, the two anodic peaks
(A5 and AG6) at around 0.97 and 0.75 V for the N-GF became
stronger during the subsequent cycles (Figure S5f, Supporting
Information), whereas the relatively weak anodic peaks (A3 and
A4) for the rGF (Figure S5d, Supporting Information) and (A1l
and A2) for the N-G (Figure S5b, Supporting Information) fur-
ther weakened to disappear in the following cycles. The pres-
ence of pronounced and highly overlapped anodic peaks could
be attributed to the partial oxidation of Na-OX groups, which
are generated from the interaction between sodium ions and
oxygen containing functional groups during the discharge pro-
cess. Therefore, the more highly reversible Na-OX redox reac-
tions for N-GF than N-G and rGF indicate that the N-GF anode
has a higher sodium ion insertion/extraction capability than the
rGF and N-G in the SIBs.

To test the rate and cycling performance, we charged and
discharged SIB cells based on the N-G, rGF, and N-GF anodes
for 50 cycles in the voltage range of 0.02-3 V from 0.2 to 10 C
(Figure 3D, Supporting Information). As shown in Figure S6d
(Supporting Information), the initial reversible capacities of
the N-G and rGF are 717.4 and 836.2 mAh g! at 0.2 C, which
are about 1.77 and 2.06 times that of the r-G (406.2 mAh g!),
respectively, and much higher than that of the GOF with
18.7 mAh g! (Figure S6b, Supporting Information). When the
C rate was increased from 0.2 to 1 C, the N-G and rGF both
still showed higher reversible capacity than that of the r-G
(Figure S6d, Supporting Information). Thus, either the foam-
like structure or N-doping could significantly improve the elec-
trochemical performance. As expected, therefore, the N-GF
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exhibited much higher average charge capacities of 1057.1
(0.2C),943.5 (0.4 C),815.2 (1 C), 467.1 (2C), 244.7 (4 C), and 137.7
(10 C) mAh g! than those of 707.4 (0.2 C), 416.4 (0.4 C), 310.2
(1 C), 148.2 (2 C), 41.8 (4 C), and 10.3 (10 C) mAh g! for the
N-G, and 809.4 (0.2 C), 423.3 (0.4 C), 348.7 (1 C), 178.3 (2 C), 51.0
(4 C), and 10.5 (10 C) mAh g for the rGF (Figure 3b). As
shown in Figure 3c, the charge capacity retention after 45 cycles
at 10 C for N-GF (13%) was also higher than those for the NG
(1.5%) and rGF (1.3%).

Figure 3d shows the relatively long-term cycling performance
for the N-G, rGF, and N-GF measured at 1 C in the voltage
range of 0.02-3 V. As can be seen, the N-G, rGF, and N-GF
exhibited the initial discharge/charge capacities of 1550.0/391.1,
1636.9/472.3, and 2000.5/852.6 mAh g! with an initial Cou-
lombic efficiency of 25.6%, 28.8%, and 42.6%, respectively. The
large capacity loss of the initial discharge/charge capacities is
mainly attributed to the reductive decomposition of the elec-
trolyte and the formation of a dense SEI film due to the large
surface area, and irreversible reaction between sodium ions
and the residual oxygen-containing functional group of the
graphene,[100122.12614] After 150 cycles, the N-G, rGF, and N-GF
cells can deliver discharge/charge capacities of 161.1/160.1,
329.6/323.1, and 605.6/594.0 mAh g! with the initial capacity
retention of 10.49%/40.9%, 20.1%/68.4%, and 30.3%/69.7%,
respectively. In spite of the relatively low Coulombic efficien-
cies for the N-G, rGF, and N-GF in the first cycle, all electrodes
exhibited a much higher average Coulombic efficiency of 97.9%
for the N-G, 97.2% for the rGF, and 98.9% for the N-GF over
150 cycles. The higher discharge/charge capacities, capacity
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Figure 4. a) Nitrogen adsorption—desorption isotherm and the corre-
sponding DFT incremental pore size distribution curve (insetin Figure 4a)
for the N-GF; b) impedance plots and equivalent circuit (inset) used for
the EIS analysis of the rG, N-G, rGF, and N-GF; and c) thermogravimetric
(TG) and differential thermogravimetric (DTG) profiles (inset) of the N-G,
rGF, and N-GF.

retention, and Coulombic efficiency observed for the N-GF
than those of the N-G and rGF indicate, once again, that the
N-GF anode has a better cycling performance with respect to
the N-G and rGF electrodes. Moreover, as shown in Figure S7
(Supporting Information), the N-GF cell also exhibited a lower
electrode polarization (=65% capacity secured under 1.0 V over
150 cycles) than those of the N-G and rGF.

To gain a better understanding of the observed superb
electrochemical performance for the N-GF, nitrogen adsorp-
tion studies were performed. As shown in Figure 4a and
Figure S8al-d1 (Supporting Information), all adsorption iso-
therms for the rG, N-G, rGF, and N-GF show small hysteresis
loops over the relative pressure range of 0.50-0.95. Insets in
Figure 4a and Figure S8a2-d2 (Supporting Information) show

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the incremental pore size distributions calculated from the cor-
responding adsorption isotherms by using the density func-
tional theory (DFT) method for slit-like pore geometry. These
distributions indicate the presence of abundant mesopores
(=40 nm) in the samples. The BET specific surface areas for the
rG, N-G, rGF, and N-GF samples are listed in Table S3 (Sup-
porting Information), which shows the highest surface area of
357 m? g7! for the N-GF. The large surface area, together with
the 3D mesoporous structure and N-doping-induced defects,
makes the 3D N-GF favorable for the fast diffusion of the rela-
tively large-sized sodium ions with a low ion-transport resist-
ance and effective storage of sodium ions during discharge—
charge processes.'1% Figure S9 (Supporting Information)
shows the electrochemical impedance spectra (EIS) for the rG,
N-G, rGF, and N-GF measured before cycling and after 3 cycles
(Figure 4b). The Nyquist plot for each of the cells shows a semi-
circle with a large diameter at high frequencies before cycling.
Upon cycling, the depressed two semicircles at high frequencies
and medium frequencies suggest a new impedance formation
and a decreased impedance after cycling due to the SEI forma-
tion and electrode/electrolyte activation. The kinetic param-
eters obtained from the equivalent circuit fitting are listed in
Table S4 (Supporting Information). As can be seen in Table S4
(Supporting Information), the charge-transfer resistances (R)
calculated by using the equivalent circuit model (Figure 4b) for
all the samples are decreased after 3 discharge—charge cycles,
attributable to the electrode—electrolyte activation in the initial
cycles. Meanwhile, the R for all of the samples decreased in
the same order before and after cycling, as exemplified by the
order of rG (839.8 Q), N-G (744.8 Q), rGF (604.1 Q), and N-GF
(502.0 Q) after 3 cycles, indicating the highest ionic conduc-
tivity for the N-GF.

As shown in Figure 4c, our thermogravimetric analyses
(TGA) and differential thermogravimetry (DTG) profiles fur-
ther indicate that N-doping enhanced thermal stability of the
N-GF and N-G, as exemplified by an increase in the decom-
pression temperature from 564 °C for rGF to 584 °C for N-GF
and 621 °C for N-G, probably due to the doping-induced reduc-
tion process.l'% The relatively low decomposition temperature
for the N-GF (584 °C) with respect to that of the N-G (621 °C)
suggests that the 3D graphene foam with a high surface area
(Table S3, Supporting Information) in the N-GF sample is more
susceptible to thermal decomposition. However, the “foam-
like” 3D structure could act as a buffer to alleviate the volume
expansion associated with excessive sodium intercalation, and
hence improve the cycling life,[14:12216¢16f] Jeading to an overall
high performance for the N-GF-based SIBs. Furthermore, as
shown in Figure S10 (Supporting Information), the ex situ
XRD of the N-GF electrode at different discharge voltages of
2.8 V (open circuit voltage), 0.9 V (SEI formation), 0.02 V (full
discharge) indicated various degrees of sodiation in the gra-
phene throughout the discharge process. In the charge process,
there is no obvious XRD peak shift for the N-GF at 1.0 V with a
complete amorphous feature at 3.0 V (full charge) without any
distinct peaks, indicating a stable structure of the N-GF with
an estimated volumetric capacity of 220 mAh cm (Figure S11,
Supporting Information).

In summary, we have demonstrated, for the first time, that
3D N-GF can be used as anode to significantly improve the
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overall performance of SIBs. Specifically, we found that the 3D
N-GF delivered an unusually high initial reversible capacity of
852.6 mAh g! at a current density of 1 C (1 C = 500 mA g}
between 0.02 and 3 V. After 150 cycles, the N-GF could still
maintain a charge capacity of 594 mAh g! with 69.7% reten-
tion of the initial charge capacity, significantly outperformed
previously reported carbonaceous materials (Table S1, Sup-
porting Information). The observed superb performance of the
3D N-GF anode in SIBs was attributed to synergistic effects
associated with the 3D mesoporous structure with a well-
defined porosity, large surface area, and enlarged lattice spacing
between grapheme layers, coupled with the N-doping-induced
defects, to facilitate the diffusion of the large-size sodium ions,
enhance the storage of sodium ions, and minimize the effect
of volume expansion during discharge—charge processes. This
work clearly indicates that 3D carbon nanomaterials with well-
defined structures and heteroatom-doping induced defects
could be used as anode materials for the development of high-
performance sodium ion batteries and other energy devices.
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