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theoretical energy density (2600 Wh kg−1) 
and a higher capacity (1675 mAh g−1) 
than the traditional lithium-ion batteries 
(LIBs).[1,2] The practical application of 
Li–S batteries is however met with sev-
eral technical challenges. For example, the 
insulating nature of sulfur and discharged 
products Li2S/Li2S2 leads to low active 
material utilization efficiency. In addition, 
the severe dissolution of lithium poly-
sulfides (LiPSs) into the electrolyte causes 
rapid capacity fading and low Coulombic 
efficiencies.[3,4] Moreover, a large volu-
metric expansion (80%) of sulfur during 
the charge–discharge process can cause 
collapse of the electrode structure, which 
is also a serious issue that should be con-
sidered in developing high-performance 
Li–S batteries.[5–8]

In the early stage, various kinds of 
nanostructured carbon materials have 
been explored to overcome a series of 
problems above.[9–14] While these struc-

tures and strategies can improve the performance of Li–S 
batteries, the suppression of the severe shuttling effect in 
these studies mainly utilized the physical interactions and 
the strength of the interactions is relatively weak.[15–17] More 
recently, many groups adopted transition metal oxides as the 
polar sulfur hosts, which have been demonstrated to possess 
strong chemical binding to LiPSs.[18–20] Cui and co-workers[21] 
designed and prepared S/TiO2 yolk–shell nanostructure as a 
cathode to inhibit the dissolution of LiPSs, which achieved an 
initial capacity of 1030 mAh g−1 at 0.5 C and displayed good 
stability. Liang and Nazar[22] reported a structure of MnO2 
nanosheets decorated sulfur particles with sulfur as the 
core and MnO2 as the shell. A high capacity of 950 mAh g−1  
was remained after 300 cycles at 0.5 C, which is due to the 
strong absorption between polar MnO2 and LiPSs. However, 
metal oxides with intrinsic low electric conductivity will ulti-
mately impede the electron transport and interrupt the move-
ment paths for Li ions, causing slow electrochemical reaction 
rates and thus leading to poor rate capability.

Compared to metal oxide, transition metal nitrides (TMNs) 
have higher conductivity and chemical stability, which have been 
employed as anchoring materials for LiPSs recently.[23–33] Due 
to the high theoretical electrical conductivity of titanium nitride,  

Lithium–sulfur (Li–S) batteries have attracted remarkable attention due to 
their high theoretical capacity of 1675 mAh g−1, rich resources, inexpensive-
ness, and environmental friendliness. However, the practical application  
of the Li–S battery is hindered by the shuttling of soluble lithium polysulfides 
(LiPSs) and slow redox reactions. Herein, a 3D nitrogen-doped graphene/ 
titanium nitride nanowires (3DNG/TiN) composite is reported as a free-
standing electrode for Li–S batteries. The highly porous conductive graphene  
network provides efficient pathways for both electrons and ions. TiN nano-
wires attached on the graphene sheets have a strong chemical anchor effect 
on the polysulfides, which is proved by the superior performance and by density 
functional theory calculations. As a result, the 3DNG/TiN cathode exhibits an  
initial capacity of 1510 mAh g−1 and the capacity remains at 1267 mAh g−1 after 
100 cycles at 0.5 C. Even at 5 C, a capacity of 676 mAh g−1 is reached. With a  
high sulfur loading of 9.6 mg cm−2, the 3DNG cathode achieves an ultrahigh areal 
capacity of 12.0 mAh cm−2 at a high current density of 8.03 mA cm−2. This 
proposed unique structure gives a bright prospect in that high energy density 
and high power density can be achieved simultaneously for Li–S batteries.

Lithium–Sulfur Batteries

With the growing demands for both high energy and power 
densities of energy devices, the lithium–sulfur (Li–S) bat-
tery has been considered as one of the candidates for the next 
generation batteries, which can deliver a significantly higher 
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Cui and co-workers[28] reported a titanium nitride-enabled 
stable Li–S battery (TiN-S), which showed capacity decay of only 
0.07% per cycle over 500 charge/discharge cycles. Kim and co-
workers[29] reported that the heterogeneous catalytical sites on 
TiN can strongly interact with the LiPSs and spatially confine 
them near the electrode surfaces, preventing the shuttle effects 
more aggressively.

Herein, we constructed a 3D nitrogen-doped graphene/TiN 
nanowires composite (3DNG/TiN) as a freestanding electrode 
for Li–S batteries. The schematic of the fabrication process of 
3DNG/TiN is shown in Figure 1a. First, H2Ti3O7 nano wires 

(Figure S1a–c, Supporting Information) were dispersed in 
aqueous graphene oxide (GO) suspension. The formation of 
3DG/H2Ti3O7 composite (Figure S1d–f, Supporting Infor-
mation) was induced by introducing the sodium ascorbate to 
reduce GO and conjugate the reduced GO (rGO) into the 3D 
hydrogel. 3DNG/TiN was obtained by annealing the 3DG/
H2Ti3O7 aerogel in NH3 atmosphere. Without any conduc-
tive additives or binders, the 3D porous graphene framework 
can provide the superb electron and ion transport pathways. 
The TiN nanowires on the graphene nanosheets have strong 
chemical absorptivity of LiPSs, which can anchor LiPSs on the 
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Figure 1. Schematic of the fabrication, morphology and structural characterization of the 3DNG/TiN. a) Schematic, b,c) SEM images, d,e) TEM images, 
f) High-resolution TEM (HRTEM) image, g) SAED pattern, and h–j) TEM elemental mapping images.
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surface and promote the conversion between the long-chain 
and short-chain LiPSs.

Figure 1b,c show that 3DNG/TiN have a 3D interconnected 
network with a large number of microsized voids, which are 
able to carry sufficient sulfur to achieve high sulfur mass 
loading and accommodate the electrochemically derived 
volume changes. TiN nanowires are uniformly dispersed in the 
graphene framework, which is further confirmed by elemental 
mappings of Ti, N, C, and O in 3DNG/TiN (Figure S2, Sup-
porting Information). From the transmission electron micro-
scopy (TEM) image in Figure 1d, the single-dispersed TiN 
nanowires tightly attached on the wrinkled graphene nanosheet 
are observed. In contrast, TiN nano wires obtained without the 
supporting of graphene framework (Figure S3, Supporting 
Information) show serious aggregation, which indicates that 
graphene nanosheets can effectively maintain the good disper-
sion and localization of the TiN nano wires. After the gas gen-
eration and recrystallization during the annealing process, the 
surfaces of TiN nanowire become coarse and contain many 
nanosized holes (Figure 1e), which is due to the vacancies 
created during the anion exchange and phase transformation 
processes. The Barrett–Joyner–Halenda (BJH) pore size dis-
tribution curves of TiN nanowires are shown in Figure S4 in 
the Supporting Information. The pore sizes of TiN nanowires 
are mainly below 20 nm and the specific area is 65.55 m2 g−1, 
which can improve the contact between polysulfides and TiN, 
and enhance the adsorption of polysulfides. The HRTEM 
image (Figure 1f) of the TiN nanowire shows distinct lattice 
fringes with a d-spacing of 2.12 Å, corresponding to the (200) 
plane of the highly crystallized TiN.[34] The result is in accord-
ance with the SAED pattern, which is a typical single crystal 
diffraction pattern with striking diffraction points of TiN lattice 
planes (Figure 1g). The TEM elemental mappings (Figure 1h–j) 
further show a uniform distribution of titanium and nitrogen 
in a single TiN nanowire.

Figure 2a shows the X-ray diffraction (XRD) patterns of the 
pure H2Ti3O7 nanowires, TiN nanowires, and 3DNG/TiN, dem-
onstrating the successful transformation from H2Ti3O7 to TiN 
phase both with and without rGO. The diffraction peaks of the 
TiN nanowires correspond to the standard NASICON phase 
of TiN (JCPDS card No. 87–0632). The mass percentage of 
TiN nanowires in 3DNG/TiN is found to be 31.5% by thermo 
gravimetric analysis (TGA) as shown in Figure 2b. This rea-
sonable content of the TiN nanowires not only guarantees the 

anchoring of LiPSs, but also ensures the proper weight of the 
entire working electrode to obtain a high energy and power 
densities of the battery.

Coin cells were assembled to test the electrochemical per-
formance of 3DNG/TiN. The Li2S6 catholyte was added to 
3DNG/TiN as the cathode during the cell assembly. 3DG/TiO2 
and 3DNG cathodes were also prepared for the comparison. 
The initial four cyclic voltammetry (CV) curves of 3DNG/TiN 
cathode (Figure 3a) show no obvious peak shifts or current 
changes, demonstrating the good reversibility of such electro-
chemical system with 3DNG/TiN. The two reduction peaks 
locate at 2.31 and 1.98 V, which are known to be the electro-
chemical transformation from soluble long-chain LiPSs to 
short-chain LiPSs and then to insoluble discharge products 
Li2S2 and Li2S. In the charge stage, the oxidation peak around 
2.45 V is due to the conversion of Li2S (Li2S to Li2S8 and then to 
sulfur).[35,36] Figure S5a (Supporting Information) presents the 
initial CV profiles of 3DNG/TiN, 3DG/TiO2, and 3DNG cath-
odes, it is obvious that the reduction peaks of the 3DNG/TiN 
cathode appear at higher potentials than those of the 3DG/TiO2 
and the 3DNG cathodes. The distinguishable move of both oxi-
dation and reduction peaks of the 3DNG/TiN cathode indicates 
the improved polysulfide redox kinetics by the TiN nanowires.

The cycling performance of 3DNG/TiN, 3DG/TiO2, and 
3DNG at 0.5 C were evaluated as shown in Figure 3b. The 
areal sulfur loading of the three electrodes is 4.8 mg cm−2. 
The 3DNG/TiN cathode delivered an initial discharge capacity 
of 1510 mAh g−1, and a high capacity of 1267 mAh g−1 was 
retained after 100 cycles, indicating that the dissolution of LiPSs 
into organic electrolyte was effectively restrained by the 3DNG/
TiN electrode. By contrast, 3DG/TiO2 and 3DNG cathodes 
delivered initial discharge capacities of 1268 and 1402 mAh g−1, 
respectively. After 100 cycles, the capacities decreased to 923 and  
817 mAh g−1, respectively, implying the severe dissolution of 
the polysulfide with low sulfur utilization. To elucidate whether 
3DNG/TiN provides extra capacity during the discharge process, 
the electrochemical reactivity of 3DNG/TiN was tested between  
1.6 and 2.8 V without Li2S6 catholyte at the current density of 
0.5 C (Figure S6, Supporting Information). It is noted that the 
first discharge capacity of 3DNG/TiN is 32 mAh g−1, and the 
capacity remains only 3.8 mAh g−1 after 100 cycles, which is 
negligible. The galvanostatic charge/discharge curves of 3DNG/
TiN cathode at different cycles are shown in Figure S5b in 
the Supporting Information. The shape of the profiles does 
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Figure 2. a) XRD patterns of the H2Ti3O7, TiN, and 3DNG/TiN. b) TG curve of the 3DNG/TiN composite.
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not change obviously from the 1st to the 100th cycle and two 
discharge plateaus and one charge plateau are observed in 
each cycle, indicating a stable electrochemical behavior of the 
3DNG/TiN cathode. In order to determine a proper content 
of TiN in the composite and thus guarantee an optimal con-
figuration of high energy density and good cycling stability, the  
cycling performance of the 3DNG/TiN with different contents 
of TiN (31.5, 25.5, and 20.2 wt%) at 0.5 C are shown in Figure S7 
in the Supporting Information. It is clearly that the 3DNG/TiN 
with 31.5 wt% of TiN has the best performance, which means 
it is a suitable content to guarantee the anchoring of LiPSs 
and ensure the proper weight of the entire working electrode 
to obtain high energy and power densities of the battery. To 
further confirm the positive effect of TiN nanowires, the first 
galvanostatic charge/discharge curves of the 3DNG/TiN, 3DG/
TiO2, and 3DNG are compared in Figure S5c in the Supporting 
Information. The discharge plateaus of 3DNG/TiN are longer 
and flatter with a higher capacity and a lower polarization  
(η = 0.24 V) than 3DG/TiO2 (η = 0.35 V) and 3DNG (η = 0.42 V) 
electrodes, suggesting a kinetically enhanced reaction process 
of 3DNG/TiN.

The rate capabilities of the three cathodes were further inves-
tigated at various current densities from 0.2 C to 0.5 C, 1 C, 2 C, 
3 C, and 5 C, and the corresponding average reversible capaci-
ties were 1327, 1090, 900, 789, and 676 mAh g−1, respectively 
(Figure 3c). After the high rate cycling, a high specific discharge 
capacity of 1134 mAh g−1 was recovered at 0.5 C. The 3DG/TiO2 
and 3DNG cathodes showed comparable capacities at low cur-
rent densities. However, the capacity gaps between these two 
cathodes and 3DNG/TiN increased with the current density 
increase, and the capacities of only 192 and 25 mAh g−1 were 
remained for 3DG/TiO2 and 3DNG at 5 C, respectively. The  
galvanostatic charge/discharge curves of the 3DNG/TiN at dif-
ferent rates are shown in Figure 3d. Although the polarization 
occurred in the electrodes at higher rate due to slower dynamics 

of sulfur, all the profiles consist of two discharge plateaus. The 
electrochemical impedance spectroscopic (EIS) test of 3DNG/TiN  
cathode at different cycles is shown in Figure S5d in the Sup-
porting Information. It is obvious that the resistance (Rct) of 
the cells becomes smaller after cycling and remains at a stable 
value (11–16 Ω), indicating an excellent electronic conduc-
tivity and the stable electrochemical reactions. Moreover, The 
3DNG/TiN cathode has a smaller charge transfer resistance 
(20 Ω) than that of the 3DG/TiO2 (38 Ω) and 3DNG cathodes 
(24 Ω), which can be explained by enhanced interfacial affinity 
between TiN and LiPSs (Figure S8, Supporting Information). 
The excellent rate capability and fast kinetics of 3DNG/TiN 
cathode may partially result from the high conductivity of TiN 
nanowires, which is further confirmed by the electrical conduc-
tivity test enabled by a single nanowire device setup (Figure S9,  
Supporting Information). The electrical conductivity of the TiN 
nanowire was calculated to be 4.0 × 104 S m−1, which is almost 
8000 times higher than that of the TiO2 nanowire (5.2 S m−1). The 
addition of highly conductive TiN can greatly improve the electrical 
conductivity of 3DNG/TiN composite. The electrical conductivity 
of the uncompressed 3DNG/TiN composite aerogel is 1.56 S m−1,  
which is higher than that of 3DG/TiO2 (0.47 S m−1) and 3DNG 
(0.82 S m−1). Therefore, the electrons involved in the charge and 
discharge processes can transport very fast in the network of the 
3DNG/TiN cathode, which is favorable for the fast polysulfide 
conversion. To further investigate the stability of the 3DNG/TiN 
cathode, we tested the cell at 1 C for a long term (Figure 3e). An 
initial high capacity of 1480 mAh g−1 is obtained and the final 
capacity is 957 mAh g−1 (200 cycles). On the contrary, the 3DNG/
TiO2 and 3DNG cathodes show the initial capacity of 1178 and 
1300 mAh g−1, and only 681 and 554 mAh g−1 are remained after 
200 cycles, respectively. All of the results are suggesting that the 
high conductivity and good stability of the 3DNG/TiN cathode 
are due to the stable 3DNG framework and the strong chemical 
interaction between the LiPSs and TiN nanowires.

Adv. Mater. 2018, 1804089

Figure 3. Electrochemical performances of 3DNG/TiN, 3DG/TiO2, and 3DNG cathodes. a) CV profiles of the 3DNG/TiN at a scan rate of 0.1 mV s−1. 
b) Cycling performance of the 3DNG/TiN, 3DG/TiO2, and 3DNG cathodes at 0.5 C for 100 cycles. c) Rate performance of the 3DNG/TiN, 3DG/TiO2, 
and 3DNG cathodes. d) Galvanostatic charge–discharge profiles of the 3DNG/TiN at different rates in a potential window from 1.6 to 2.8 V. e) Cycling 
stability of the 3DNG/TiN, 3DG/TiO2, and 3DNG cathodes at 1 C for 200 cycles.
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In order to fully utilize the advantage of high theoretical 
capacity of the Li–S battery, the high areal sulfur loading is a 
critical factor for achieving the practical applications of Li–S 
batteries.[37–40] However, the higher loading of the insulating 
sulfur inevitably leads to much more severe shuttling of LiPSs 
and lower utilization of sulfur, meaning faster capacity decay 
and lower specific capacities. Therefore, optimizing the perfor-
mance of Li–S batteries with a high sulfur loading still remains 
a big challenge. Previous studies have reported that only bat-
teries with an areal capacity of higher than 4 mAh cm−2 can 
surpass the commercial LIBs.[41] In addition, considering the  
lower voltage of Li–S batteries than that of LIBs, even higher  
areal capacity is needed. In this work, with the sulfur loading 
of 4.8 mg cm−2, 3DNG/TiN cathode already achieves an areal 
capacity of over 7 mAh cm−2. In order to further verify the 
superiority of the 3DNG/TiN cathode, the batteries with higher 
sulfur loadings of 7.2 and 9.6 mg cm−2 were cycled at 0.5 C 
(Figure 4a,b). The high initial areal capacity of 9.94 mAh cm−2 
was obtained with the sulfur loading of 7.2 mg cm−2, and 
8.2 mAh cm−2 was remained after 60 cycles. Furthermore, even 
with the very high sulfur loading of 9.6 mg cm−2, 3DNG/TiN 
cathode delivered an ultrahigh areal capacity of 12.0 mAh cm−2 
and 9.96 mAh cm−2 was remained after 60 cycles. Notice-
ably, the current density was calculated to be as high as 
8.03 mA cm−2. Figure 4c summarized the areal capacities of 
batteries with different sulfur loadings, clearly demonstrating 
that all these values are much higher than those of commer-
cial LIBs (4.0 mAh cm−2).[28] To illustrate the significance and 
importance of this work, we compared the capacities of related 
TMNs-based cathodes used in Li–S batteries (Table S1, Sup-
porting Information), as well as the areal capacities of recently 
published high-sulfur-loading studies (Table S2, Supporting 
Information and Figure 4d). According to the data in the tables, 
the 3DNG/TiN cathode in the present study has the highest 
capacity and excellent rate performance compared to other 

TMNs cathodes. In addition, the 3DNG/TiN cathode also deliv-
ered higher areal capacity than the cathode materials in recent 
literature with a high sulfur loading.[42–53] It is worth noting that 
this remarkable performance is realized at a high current den-
sity of 8.03 mA cm−2. As far as we know, this performance of 
the 3DNG/TiN cathode in our work is superior to the majority 
of the cathode materials in the reports on Li–S batteries in 
terms of sulfur loading and electrochemical performance, and 
it indeed provides the prospect of high-sulfur-loading Li–S bat-
teries with fast charge and discharge capability and high power 
density.

In order to fully understand the interaction between 
the sulfur species and the host 3DNG/TiN, we conducted a 
series of characterizations of the 3DNG/TiN after 100 cycles 
at 0.5 C. The morphology of the 3DNG/TiN was well main-
tained after cycling and no aggregation of TiN nanowires 
was observed (Figure 5a,b). The typical elemental mappings 
of Ti, N, C, O, and S (Figure S10a–f, Supporting Informa-
tion) clearly illustrated their homogeneous distribution in the 
3DNG/TiN framework and the corresponding EDS showed 
that a much strong peak of sulfur appeared after cycling com-
pared with that of the initial 3DNG/TiN (Figure S10g,h, Sup-
porting Information). Moreover, the TEM mappings of the 
Ti, N, and S elements of a single TiN nanowire after cycling 
are shown in Figure 5c, this result provides the direct evi-
dence for the strong chemical adsorption of LiPSs on the sur-
face of TiN nanowire. The N1s peak for the TiN shifts to a 
higher binding energy after cycling, which may be ascribed to 
the new S–N–Ti interaction.[28] This should be ascribed to the 
electronegativity and polar of nitrogen which helps to form 
covalent bonding with sulfur species.[28,30] The Ti 2p peaks for 
TiN also displayed a major change after cycling. A new peak 
at 456.6 eV appeared (Figure 5e), which could be assigned to 
N–Ti–S bonding resulting from the interaction between TiN 
and LiPSs.[54,55]

Adv. Mater. 2018, 1804089

Figure 4. a,b) Cycling performance and the corresponding Coulombic efficiency of the 3DNG/TiN cathode with 7.2 mg cm−2 (a), and 9.6 mg cm−2 (b) sulfur 
loadings. c) Areal capacities of the three electrodes with different sulfur loadings at different cycles. d) Comparison of initial areal capacity of this work  
with that of Li–S batteries from recent publications which cycled more than 50 times and the sulfur loadings higher than 4 mg cm−2.
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Figure 5. Morphology and structural characterization of the 3DNG/TiN after cycling at 0.5C for 100 cycles. a) SEM image, b) TEM image, c) TEM 
elemental mapping images, d,e) High-resolution N1s and Ti2p XPS spectrum, respectively.

Figure 6. Adsorption test and the theoretical DFT calculation of 3DNG/TiN with Li2Sn/S8. a) Optical photograph of the Li2S6 and sulfur trapping by 
3DNG/TiN, 3DG/TiO2, and 3DNG, b) DFT-calculated molecular structures of Li2Sn and S8, and c) optimized configurations for the binding of Li2Sn and  
S8 to the TiN (200).
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Figure 6a exhibits the camera images of the adsorption test 
using 3DNG, 3DG/TiO2, and 3DNG/TiN with the 0.005 m Li2S6  
solution. It is clear that after one day, the color of the solution 
containing 3DNG/TiN was almost colorless while the other 
samples still remained yellow. Moreover, after one week and 
even one month of the static adsorption tests, the color of the 
3DNG/TiN-containing solution was still much lighter than 
the other two samples. The corresponding ultraviolet/visible 
absorption measurement was also carried out to investigate the 
Li2S6 adsorption effect of 3DNG, 3DG/TiO2, and 3DNG/TiN 
(Figure S11, Supporting Information). It can be clearly seen that 
the absorption peak of Li2S6 in the visible light range obviously 
disappeared after adding 3DNG/TiN, indicating a better Li2S6 
adsorption capability of 3DNG/TiN. To further reveal how the 
TiN adsorb LiPSs by forming strong chemical bonding, we elu-
cidated the interaction between long-chain Li2Sn (n = 4, 6, 8)/S8 
and TiN using density functional theory (DFT) calculations. 
The binding energies (Eb) of Li2Sn/S8 (molecular structures are 
shown in Figure 6b) with NG, TiO2, and TiN were obtained by 
a CASTEP simulation package in the framework of DFT. In the 
adsorption structure (Figure 6c), the most favorable binding 
sites of Li2Sn/S8 are Li atoms which tend to bond with the N 
atoms, while sulfur can bond with both the N and Ti atoms on 
TiN (200), in which the S–N distance is 2.12 Å. While bonding  
with Ti on TiN, the S–Ti distance is 2.36 Å. DFT calculations 
confirm the strong interactions between LPSs with TiN and 
it is mainly owing to the bonding between Li/S and Ti/N. 
The Eb of Li2S4, Li2S6, Li2S8, and S8 on TiN (200) surfaces are 
3.28, 3.70, 4.69, and 4.60 eV, respectively. On the other hand, 
the corresponding adsorption energies of Li2S4, Li2S6, Li2S8, 
and S8 on NG and TiO2 surfaces are 0.35, 0.51, 0.63, 1.5 eV 
and 1.25, 1.66, 2.25, 2.16 eV, respectively (Figures S12 and S13, 
Supporting Information). According to the definition, a higher 
binding energy of TiN to LiPSs indicates a more energetically 
favorable interaction and stronger chemical anchoring of sol-
uble LiPSs, which greatly contributes to the enhanced battery 
performance.

In conclusion, we employed a facile and effective method for 
the successful preparation of the 3DNG/TiN composite, com-
bining porous 3DNG networks with highly conductive, polar 
TiN nanowires. This unique structure not only greatly increases 
the electrical conductivity of the electrode, but also effectively 
inhibits the shuttle effects due to the strong chemical adsorp-
tion of LiPSs by TiN, which can significantly enhance the 
cycle stability and rate performance of the Li–S battery. More 
importantly, this 3DNG/TiN architecture accommodated the 
high sulfur mass loading of 9.6 mg cm−2, and showed an excel-
lent electrochemical performance in Li–S cells. The final DFT 
calculations demonstrate that the inherent strong interaction 
between LiPSs/S8 with TiN is the key factor to suppress the 
shuttle effects of LiPSs. This study will indeed give the bright 
prospect that high energy density and high power density can 
be achieved simultaneously for Li–S batteries.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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