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weight and highly negative electrode 
potential. For the cathode material, both 
sulfur and oxygen are attractive because 
assembled lithium-sulfur (Li-S) and lith-
ium-oxygen batteries have the potential of 
providing 2 to 5 times the energy density 
of the LIBs currently used. [ 6-8 ]  However, 
there are still some problems that need 
to be solved before commercialization of 
these batteries is possible. [ 9-11 ]  

 Since the pioneering work by Amine 
in 2012, [ 12 ]  lithium-selenium (Li-Se) bat-
teries have gained attention because of 
their high theoretical volumetric capacity 
density (3253 mA h cm −3  based on 
4.82 g cm −3 ), which is comparable to that 
of Li-S batteries (3467 mA h cm −3  based on 
2.07 g cm −3 ). [ 12,13 ]  Furthermore, Se shows 
several advantages over S as a cathode: 
1) The intrinsic electrical conductivity of 
Se is higher than that of S because of its 

semiconductor properties, [ 14,15 ]  which promises better rate per-
formances. 2) The diminished dissolution of polyselenides and 
their reduced shuttle effect guarantee an improved cycling sta-
bility. [ 14,16,17 ]  3) Most reported Se cathodes have been shown to 
exhibit a good electrochemical performance in Li-Se batteries in 
less expensive carbonate-based electrolytes. [ 14,17-19 ]  Thus, Li-Se 
batteries are promising candidates for high energy density bat-
tery systems. However, using plain Se as a cathode results in an 
inferior cycling stability, as well as a low Coulombic effi ciency 
and low selenium utilization. [ 13 ]  

 The most commonly studied approach to solve these prob-
lems is to make Se/C composites. It is not surprising that 
porous carbon is the preferred choice for Se confi nement 
because of its intrinsic good conductivity and diversity in archi-
tecture (various specifi c surface areas and pore distributions). 
The large pore volume of porous carbon provides enough space 
for Se loading, and the different pore textures are favorable for 
infi ltration of the electrolyte, thus guaranteeing a fast charge 
transport during the cycling process. Furthermore, the high 
electrical conductivity ensures an effi cient conductive network 
for the Li-Se batteries. Recently, many Se/C composites, such 
as Se confi ned in ordered mesoporous carbon, [ 14 ]  hierarchical 
porous carbon, [ 20,21 ]  and porous carbon nanospheres, [ 15 ]  have 
been prepared to improve the electrochemical performance of 
Li-Se batteries by storing the active material inside the carbon 
matrix. Most of those reports have shown promising results 
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  1.     Introduction 

 In recent years, the rapidly developing market for mobile elec-
tronics, electric vehicles (EVs), hybrid electric vehicles (HEVs), 
and large-scale renewable energy storage has prompted the 
urgent need for batteries with high energy density, long cycling 
life and reliable stability, as well as low cost. [ 1,2 ]  Nowadays, 
rechargeable lithium-ion batteries (LIBs) are generally used, 
but to meet all of the above criteria a breakthrough in the 
area of novel alternative rechargeable battery systems, such as 
metallic batteries, that is batteries with a metallic anode and a 
high energy cathode material, will be needed. [ 3–5 ]  Considering 
the higher energy density of metallic batteries, lithium is the 
preferential choice for the anode material, because of its light 
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whereby the cycling stability, rate capacity, and specifi c capacity 
were improved. 

 The synthesis of selenium–carbon composites can be clas-
sifi ed into three main categories: 1) melt-diffusion strategy 
in a tubular furnace under argon atmosphere fl ow, [ 20,22,23 ]  
2) melt-diffusion strategy in a sealed vessel under argon atmos-
phere [ 14,15,21,24,25 ]  or in vacuum. [ 26,27 ]  Normally, in these two 
approaches, pristine Se is pre-milled together with the host 
porous carbon materials and then heated at around 260 °C. 
Because of the low viscosity of molten Se at that temperature 
the molten Se liquid can infi ltrate into the host porous carbon 
materials and will be driven into the porous structures by cap-
illary forces. However, because of the vapor pressure of the 
molten Se liquid there will also be a small amount of Se that is 
purged away by the argon fl ow or coagulates on the inner wall 
of the sealed vessel rather than being confi ned in the porous 
carbon material. Thus, the Se content in the fi nal Se/C com-
posites is less than the initial value in the pre-milling stage. 
3) Chemical methods also exist for the synthesis of Se/C compos-
ites, which involve the reaction between the carbon source and 
Se [ 28, 29 ]  or selenium compounds. [ 30 ]  Commonly, the Se content 
in the fi nal composites is relatively low (36–54%), which leads 
to a reduced specifi c energy density of the fi nal Li-Se batteries, 
a factor which is crucial to the battery performance because of 
the limited battery packing space. [ 31,32 ]  Furthermore, the cycling 
stability of such Se/C composites is generally not good, as only 
about 430 mA h g −1  is achieved after 250 cycles at 100 mA g −1 . [ 28 ]  

 The use of other types of carbon materials, such as one-
dimensional carbon [ 19,33 ]  or graphene encapsulation, [ 34,35 ]  can 
improve the cycling stability of Se electrodes. For example, con-
ductive graphene nanosheets wrapped Se/polyaniline (PANI) 
nanowires (G@Se/PANI) exhibited an enhanced cycling 
stability of 567.1 mA h g −1  at 0.2 C after 200 cycles. [ 35 ]  Such 
approach commonly involves a complicated, multi-step process, 

which might only be suitable for the synthesis of a small quan-
tity of Se electrodes. Therefore, the development of a simple 
and cost-effective method for the synthesis of Se/C composites 
is necessary. 

 In this study, we report a new baked-in-salt approach to have 
Se infi ltrate better into a metal complex-derived porous carbon 
(Se/MnMC-B). This approach involves a process in a confi ned 
narrow space ( Figure    1  ), thus avoiding the need for protection 
with argon or a vacuum environment. The effect of the con-
fi ned narrow space is similar to the pressing process in solid-
phase reactions, which facilitates the close combination of the 
infi ltrated amorphous selenium and the porous carbon host. 
NaCl was selected as the confi ning space material, because of 
its high melting point and higher specifi c heat capacity than Se, 
which means that it can resist the temperature fl uctuations of 
the external conditions to some extent. The Se/MnMC-B com-
posite showed a specifi c capacity of 636 mA h g −1  at 0.1 C after 
150 cycles. For the long cycling test, the Se/C composite deliv-
ered a capacity of 580 mA h g −1  at 1 C after 1000 cycles, with a 
capacity retention of 95.7%. When increasing the charge–dis-
charge rate up to 20 C, a specifi c capacity of 510 mA h g −1  could 
be retained, which counted only for a decrease of about 20% 
compared to the specifi c capacity measured at a rate of 0.1 C. 
Used in sodium–selenium (Na–Se) batteries, the Se/MnMC-B 
electrode delivered a specifi c capacity of 535 mA h g −1  at 0.1 C 
after 150 cycles. It is demonstrated here that selenium might 
functionalize through the interaction between the Se-O bond 
and C-O bond to form a concomitant homogeneous adsorption 
on and within the porous MnMC host, thus leading to higher 
effi ciency for Li-Se and Na-Se batteries. The main problems 
with the charge–discharge processes in Se electrodes, such as 
capacity fading, poor cycling stability, and low Coulombic effi -
ciency, can thus be solved by using this novel approach to fabri-
cating Se/MnMC-B electrodes. 
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 Figure 1.    a) Illustration of the strategy behind the baked-in-salt approach for confi ning selenium in a metal complex-derived porous carbon. b) The 
picture of the reaction vessel (ca. 5 mL). c,d) Pictures of the mixture of Se/MnMC-B and NaCl before washing.
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    2.     Results and Discussion 

 Porous carbon was synthesized by the 
thermal conversion of the transition metal 
complex, similar to our previously reported 
work. [ 36 ]  Firstly, Mn 2+  coordinated with the 
two hydroxyl oxygen atoms in malic acid to 
form a malic acid-Mn complex precursor 
(C 4 H 4 MnO 5 ·3H 2 O). The corresponding X-ray 
diffraction pattern (XRD) and scanning elec-
tron microscopy (SEM) images are shown 
in Figure S1 in the Supporting Information, 
from which we can clearly see the rod shape 
of the precursor. Then, after heat treatment 
of the malic acid-Mn complex precursor at 
700 °C under Ar, followed by removal of the 
inorganic impurities with nitric acid, the fi nal 
malic acid-Mn-derived porous carbon mate-
rial (MnMC) was obtained. Figure S2b,c (Sup-
porting Information) shows the SEM images 
of the as-prepared MnMC. It should be noted 
that the MnMC exhibited a one-dimensional 
rod shape, which is consistent with the shape 
of the malic acid-Mn complex precursor. The 
transmission electron microscopy (TEM) 
images in Figure S2d,e (Supporting Informa-
tion) indicate the porous structure of MnMC. 
Furthermore, the microporous structure was 
identifi ed by high-resolution TEM (HRTEM) 
(Figure S2f). 

 The overall strategy of the baked-in-salt 
approach for confi ning selenium in a metal 
complex-derived porous carbon is illustrated 
in Figure  1 a, which consists of a common 
ball-milling process with subsequent 
melting-diffusion of selenium in a confi ned 
space, followed by a further washing process. As opposed to a 
melt-diffusion strategy in a tubular furnace under argon atmos-
phere or to a sealed-vessel strategy, the melting-diffusion pro-
cess in our work is carried out in a confi ned space sandwiched 
between compacted NaCl solid disks in a sealed reaction vessel 
(Figure  1 b). Then, after a washing process to remove the NaCl, 
the fi nal Se/MnMC composites (Se/MnMC-B sample) were 
obtained. Temperature fl uctuations could be avoided because of 
the much higher specifi c heat capacity of NaCl than Se. Thus, 
the whole melting-diffusion process can be fi nished in an 
almost constant-temperature system, which might be benefi cial 
to the uniform distribution of Se in the fi nal Se/C composites. 
For comparison purposes, we also prepared Se/MnMC com-
posites by a normal melt-diffusion strategy in a tubular furnace 
under argon atmosphere (Se/MnMC-N sample). 

 The morphology and microstructure of the Se/MnMC-B 
composites were investigated by SEM and TEM. Compared 
with the precursor after the ball-milling process, as shown in 
Figure S3 (Supporting Information), no obvious irregular par-
ticles could be observed in the SEM and TEM images of Se/
MnMC-B composites ( Figure    2  a,b), indicating that the Se was 
uniformly loaded in the porous carbon. The HRTEM image 
in Figure  2 c obviously shows the disordered lattice fringes, 

suggesting the amorphous nature of the Se/MnMC-B compos-
ites. Both the TEM and scanning TEM (STEM) images confi rm 
the porous structure of the Se/MnMC-B composites, which is 
benefi cial to the fast lithium-ion transportation. Figure  2 e,f dis-
plays the corresponding elemental mappings of carbon and Se, 
respectively. These elemental maps show that Se is dispersed 
homogeneously inside the porous carbon matrix and that there 
is no signifi cant Se left on the surface. 

  X-ray diffraction (XRD) patterns of the pristine bulk Se 
powder, Se/MnMC-B, and Se/MnMC-N composites are pre-
sented in  Figure    3  a. The XRD patterns were taken in order to 
understand the nature and compositional change of the products 
before and after the impregnation process. The XRD patterns 
of pristine Se and the sample after ball-milling both indicated 
the presence of trigonal-phase Se (JCPDS Card No. 73–0465). 
Whereas, after the impregnation and heat treatment, all char-
acteristic diffraction peaks of trigonal Se disappeared, and only 
an amorphous structure with very broad peaks could be seen for 
the Se/MnMC-B and Se/MnMC-N samples, implying the nano-
confi nement of Se within the MnMC host. [ 22 ]  Thus, the Se in 
the Se/MnMC-B and Se/MnMC-N samples exists in a highly 
dispersed amorphous state, [ 14 ]  which resulted in the high utili-
zation of selenium during the electrochemical reaction process. 
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 Figure 2.    a) SEM, b) TEM, c) HRTEM, and d) STEM images of Se/MnMC-B composites. 
e,f) Se, S elemental mappings of Se/MnMC-B composites.
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  Raman spectroscopy was also used to further investigate the 
structural properties of Se in the Se/MnMC-B and Se/MnMC-N 
composites. For comparison, the Raman spectra of MnMC and 
bulk Se were also analyzed (Figure  3 b and Figure S4, respec-
tively). The pristine bulk Se sample displayed three peaks, the 
fi rst two of which were located at 142 cm −1  and 458 cm −1  are 
related to ring-structured Se 12 , [ 37 ]  and the peak at 235 cm −1  
which is related to the chain-structured Se. [ 38 ]  Whereas the Se/
MnMC-B and Se/MnMC-N samples do not show the three 
characteristic peaks mentioned above. For the Se/MnMC-N 
sample, after having undergone the Se impregnation process, 
the 235 cm −1  peak exhibited a blue-shift to 262 cm −1 , which can 
be attributed to the ring-structured Se 8 . [ 39 ]  For the Se/MnMC-B 
sample, there was no obvious peak in the Raman spectrum, 
indicating the successful impregnation of Se into the MnMC 
pores without long-range ordering, with a possible change in 
the form of Se in the Se/MnMC-B sample. Those results are 
basically consistent with the conclusions from the XRD spectra 
in Figure  3 a. Thus, the baked-in-salt impregnation process 
in confi ned spaces, achieved a better impregnation of Se into 
the pores of MnMC by capillary action. Furthermore, after 
the impregnation process, the amorphous nature MnMC was 
retained in the Se/MnMC-B and Se/MnMC-N composites. Two 
strong peaks at 1350 and 1600 cm −1  were found in the Raman 
spectra, which represent the D-band (disordered portion) and 
G-band (ordered graphitic structure), respectively, of the pores 
of MnMC in the composites. 

 As shown in Figure  3 c, the TGA analyses indicate that the 
selenium loading in the Se/MnMC-N and Se/MnMC-B com-
posites is 67 wt% and 72 wt%, respectively. In addition, the Se/
MnMC-B sample has a higher selenium vaporizing tempera-
ture than Se/MnMC-N, indicating the strong adsorption of Se 
within the pores of the MnMC host. As the electrochemical 
performance is largely infl uenced by the stable confi nement of 
Se in the porous carbon matrix, [ 18,40 ]  we would expect the Se/
MnMC-B to outperform the Se/MnMC-N. 

 Combined with the smaller amount of Se detected by X-ray 
photoelectron spectroscopy (XPS) on the surface of the Se/
MnMC-B sample (2.59 at% for Se/MnMC-B and 11.4 at% for 
Se/MnMC-N,  Figure    4  a), it can be inferred that more amor-
phous Se is confi ned in the matrix of the Se/MnMC-B sample 
than in that of the Se/MnMC-N sample. The high-resolution 
C 1s XPS spectrum in Figure  4 b indicates the presence of 
nitrogen atoms in the fi nal Se/MnMC-B sample, with a N con-
tent of 2.8 at% on the surface. This small quantity of nitrogen 
might be related to the HNO 3  treatment of the MnMC host 
during its preparation which has been reported before.  [ 36 ]  The 
corresponding N 1s XPS spectrum of the Se/MnMC-B sample 

in Figure S5 (Supporting Information) demonstrates the 
existence of an N-X type (oxidized pyridinic) nitrogen, which 
might enhance the electrical conductivity of the Se/MnMC-B 
sample. [ 18,41,42 ]  For the Se 3d spectra in Figure  4 c,d the two 
peaks located at around 55.4 (Se 3d3/2) and around 56.2 eV(Se 
3d5/2) with a spin−orbit splitting of 0.86 eV can be attributed to 
elemental Se. [ 43 ]  One more broad peak at around 59.0 eV was 
observed in the Se 3d spectrum for the Se/MnMC-B sample, 
which is attributed to Se-O bonding, confi rming the existence 
of SeO 2  on the surface of the Se/MnMC-B sample. [ 16 ]  And 
the amorphous Se might be in contact with the MnMC host 
through interactions between the Se-O bond and the C-O bond, 
which could immobilize the Se and the corresponding poly-
selenium produced during the cycling process. Thus, the Se-O 
bonding might to some extent prevent the loss in activity of the 
Se electrodes, leading to a higher stability of the Li-Se batteries. 
The formation of the Se-O bonds might be due to the small 
amount of H 2 O in the mixture of Se and MnMC before the 
baked-in-salt impregnation process. In the case of Se/MnMC-N, 
this process cannot proceed because of the Ar atmosphere, thus 
the trace amount of H 2 O is fl ushed away by the Ar fl ow. 

  We investigated the lithium-storage properties of the as-
prepared Se/MnMNC-B electrode in CR2016 coin cells with 
lithium foil as the counter electrode, and the properties of 
the Se/MnMNC-N electrode were also tested for comparison. 
 Figure    5  a shows the cyclic voltammetry (CV) curves of the Se 
electrode in the voltage range of 1.0–3.0 V at a sweep rate of 
0.1 mV s −1  for the fi rst fi ve cycles. Based on previous reports, 
the electrochemical behavior of assembled Li-Se batteries dif-
fers depending on the preparation process, [ 15,24,26 ]  the porous 
carbon hosts, [ 19 ]  and the electrolytes used. [ 20,44 ]  In the fi rst dis-
charging process, two strong peaks at around 1.75 and 1.9 V 
were observed, which may be related to the lithiation of dif-
ferent Se molecules in the Se/MnMC-B composites. [ 16 ]  How-
ever, these two peaks disappeared in the second discharging 
process simultaneously with the appearance of a single broad 
reduction peak at around 1.82 V. This reduction peak shifts to 
a higher potential of around 1.88 V, resulting from the elec-
trochemical activation behavior of the Se/MnMC-B electrode 
during the lithiation process. [ 19,26 ]  On the other hand, a domi-
nant oxidation peak at around 2.25 V was found accompanied 
by a small peak around 2.0 V during the whole charging pro-
cess. This peak at 2.25 V becomes sharper during cycling, 
as shown in Figure  5 a. These cathodic/anodic peaks can be 
ascribed to the different electrochemical reactions during 
cycling, demonstrating the possible formation of polyselenide 
intermediates or the existence of different allotropes of sele-
nium in the Se/MnMC-B cathode. 
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 Figure 3.    a) XRD patterns, b) Raman spectra, and c) TGA curves of MnMC, Se/MnMC-N, and Se/MnMC-B electrodes.
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  Figure  5 b shows typical discharge–charge profi les in the fi rst 
fi ve cycles for the Se/MnMC-B electrode at 0.1 C (1 C = 678 
mA g −1 ) in the potential range of 1.0–3.0 V. The Se/MnMC-B 
electrode delivered initial discharge and charge capacities of 
907 and 642 mA h g −1 , respectively, with a Coulombic effi ciency 
of around 71%. Both the discharge and charge processes show 
stable voltage plateaus at around 2.0 V and behave as a single-
plateau reaction. From the second cycle, the discharge/charge 
curves overlap well, with a stable reversible discharge capacity 
of 641 mA h g −1 , indicating that the composite cathodes pos-
sess a high reversibility and good stability. Furthermore, two 
small plateaus at about 2.3 and 2.1 V were observed in the fi rst 
discharge of the Se/MnMC-B electrode, which is consistent 
with the CV curves in Figure  5 a. Similar phenomena have been 
observed in previous reports, in which it was assumed that the 

small irreversible plateau was due to a molecular transforma-
tion from ring-like Se 8  to chain-like Se  n   in the MnMC host 
during the 1st cycle. [ 14,15 ]  

 The rate capabilities of the Se/MnMC-B and Se/MnMC-N 
electrodes were investigated at C-rates from 0.1 to 20 C 
( Figure    6  a,c). The discharge–charge profi les for Se/MnMC-B 
cathodes at various C-rates are given in Figure  6 a, which 
shows increasingly shortened discharge-charge plateaus with 
increasing C-rate because of electrode polarization. It can be 
seen that the Se/MnMC-B electrode shows a higher initial dis-
charge capacity (904 mA h g −1  at 0.1 C), than the Se/MnMC-N 
(896 mA h g −1 ) sample. Also, by increasing the C rate from 0.1 
to 20 C, the Se/MnMC-B electrode exhibits a higher revers-
ible capacity and rate capability (inset of Figure  6 c) than the 
Se/MnMC-N electrode studied in this work. The average dis-

charge capacities of the Se/MnMC-B elec-
trode at 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 C 
were 641, 626, 618, 604, 600, 575, 547, and 
510 mA h g −1 , respectively. If the C-rate is 
gradually decreased back to 0.2 C, the Se/
MnMC-B electrode still delivered a higher 
reversible discharge capacity of 620 mA h g −1  
than that of the Se/MnMC-N electrode, 
which was 551 mA h g −1 . 

  Based on the rate properties of the as-
prepared Se/MnMC-B and Se/MnMC-N 
electrodes in this context, and seeing that 
electron transport is the limiting step in the 
lithiation/delithiation process, the better rate 
property of the Se/MnMC-B electrode might 
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 Figure 4.    a) XPS spectra of Se/MnMC-B and Se/MnMC-N composites, b) C1s XPS spectrum of Se/MnMC-B. c,d) Se 3d XPS spectra of Se/MnMC-B 
(c) and Se/MnMC-N (d).

 Figure 5.    a) Cyclic voltammograms of the Se/MnMC-B electrode between 1 and 3 V at a poten-
tial sweep rate of 0.1 mV s −1 . b) Voltage profi les of the Se/MnMC-B electrode at 0.1 C (1 C = 
678 mA h g −1 ).
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be due to the difference in electrical conductivity. Figure S6 in 
the Supporting Information shows the electrochemical imped-
ance spectroscopy (EIS) results of the as-prepared Se/MnMC-B 
and Se/MnMC-N electrodes before cycling. The Nyquist plots 
for both samples consisted of a depressed semicircle in the 
high- to middle-frequency region, which can be attributed to the 
charge-transfer resistance ( R  ct ), and a sloped line in the low-fre-
quency region, which corresponds to the Warburg impedance. 
As can be seen, the semicircle diameter of the Se/MnMC-B 
electrode is the smallest, and a corresponding equivalent cir-
cuit model (inset of Figure S6) was constructed to analyze the 
impedance spectra. The fi tted data are marked as dotted lines, 
and the simulated results were 73.5 and 128.9 Ω for the Se/
MnMC-B and Se/MnMC-N electrodes, respectively. Thus, the 
electric conductivity of the Se/MnMC-B electrode was higher 
than that of the Se/MnMC-N electrode investigated in the pre-
sent study, which may improve the kinetics of the processes 
and achieve a higher capacity and better rate capability. The 
better electric conductivity of the Se/MnMC-B sample might be 

related to the uniform distribution and the good confi nement 
of the selenium into the porous MnMC matrix, which could 
provide a pathways for electron transformation. 

 The Se/MnMC-B and Se/MnMC-N electrodes were further 
subjected to testing of the cycling performance at 0.1 and 1 C. 
At low current density (0.1 C, Figure  6 b) the reversibility of both 
electrodes was improved signifi cantly, and although relatively 
low initial Coulombic effi ciencies were obtained, these Cou-
lombic effi ciencies were increased and maintained values of 
above 99% from the 3th cycle onwards. The discharge capacities 
were stable at 636 and 537 mA h g −1  for the Se/MnMC-B and 
Se/MnMC-N electrodes, respectively, at 0.1 C after 150 cycles. 
Moreover, relatively long cycling tests of these two electrodes 
at 1 C were carried out. Figure  6 d shows the initial discharge 
capacities of 864 and 818 mA h g −1  for the Se/MnMC-B and Se/
MnMC-N electrodes, respectively. After 1000 cycles, a discharge 
capacity of 580 mA h g −1  was retained for the Se/MnMC-B 
cathode, whereas only 491 mA h g −1  was retained for the Se/
MnMC-N electrode. Capacity retentions of 95.7 and 86.9% were 
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 Figure 6.    a) Discharge–charge profi les for Se/MnMC-B electrode at various C-rates, b) cycling performance of Se/MnMC-B and Se/MnMC-N electrodes 
at 0.1 C, c) rate capabilities of Se/MnMC-B and Se/MnMC-N electrodes (the inset shows the percentage capacity retention as a function of the C-rate), 
and d) cycling performance of Se/MnMC-B and Se/MnMC-N electrodes at 1 C.
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obtained from the second cycle onwards, corresponding to 
capacity decay rates of 0.043 and 1.31% per cycle, respectively. 
In spite of their differences in capacity and capacity retention, 
both the Se/MnMC-B and Se/MnMC-N electrodes exhibited 
high Coulombic effi ciencies of nearly 100% because of their 
good structural stability during the cycling process. Even at the 
higher rate of 5 C, the Se/MnMC-B electrode still maintained a 
capacity of more than 417 mA h g −1  for 1000 cycles (Figure S7, 
Supporting Information), further indicating its superior cycling 
performance. Thus, the MnMC host used here not only 
ensured a proper and uniform Se loading, but it also facilitated 
electron/Li +  transfer, inducing good cycling stability and rate 
capability of both electrodes. 

 The galvanostatic intermittent titration technique (GITT) was 
employed to better understand the structural transitions and 
the origin of the different kinetics for both electrodes during 
the charge/discharge process. During the GITT measurements, 
the Se/MnMC-B and Se/MnMC-N electrodes were charged or 
discharged by a series of constant current pulses of 30 mA g −1  
with an equal duration period of 0.5 h. Then, a relaxation time 
of about 4 h was included between incremental charging/dis-
charging steps in order to allow the thermodynamic equilib-
rium potential to be probed at different points in the charge/
discharge response. 

  Figure    7  a,b demonstrates the overall potential response pro-
fi les of the Se/MnMC-B and Se/MnMC-N electrodes, respec-
tively, during the fi rst cycle. The reaction resistances at different 
Li ion insertion and extraction levels were evaluated from the 
difference in potential at the end of the current step and at the 
end of the relaxation step, and are presented in Figure  7 c. The 
overpotential and reaction resistances for both the Se/MnMC-B 
and Se/MnMC-N electrodes remain stable at fi rst, and then 
rise exponentially at the end of the charging step. For the dis-
charging process, the resistances for both electrodes decrease 
at fi rst and then remain stable at the discharge platform, before 
fi nally rising again. The difference in behavior of the overpo-
tential and reaction resistances between the charging and dis-
charging processes might be due to the difference in reaction 
mechanisms between the Li +  extraction process and the Li +  
insertion process. Furthermore, the Se/MnMC-B electrode 
shows a lower reaction resistance compared to that of the Se/
MnMC-N sample, especially during the charge/discharge plat-
forms, which indicates that the Se/MnMC-B electrode exhibits 
improved Li insertion/extraction kinetics compared to those of 
the Se/MnMC-N sample. This explains well the superior rate 
capability of the Se/MnMC-B electrode in Figure  6 a,c. 

  Moreover, we investigated the sodium storage behavior of 
the Se/MnMC-B cathode ( Figure    8  ). So far only a few reports 
have been published that refer to Na insertion in selenium 
materials. [ 19,28,29,33 ]  Figure  8 a shows the charge/discharge pro-
fi les of the Se/MnMC-B electrode at 0.1 C in the voltage range 
of 0.5–2.5 V for Na-Se batteries, which are similar to the curves 
obtained for lithium storage in Figure  5 b. However, because of 
the different reaction potentials for Li +  and Na +  insertion, the 
output voltage of Na-Se batteries, which is about 1.7 V, is lower 
than that of Li-Se batteries. Moreover, there are also two small 
plateaus at about 2.1 and 1.9 V in the fi rst discharge of the 
Se/MnMC-B electrode, which agree well with those found for 
the Li-Se batteries in Figure  5 a,b. The Se/MnMC-B electrode 

delivers initial discharge and charge capacities of 840 and 
591 mA h g −1 , respectively, with a Coulombic effi ciency of 
around 70%. After subsequent cycling the Coulombic effi ciency 
increases to nearly 100%. The discharge capacity of the Se/
MnMC-B electrode for Na +  was maintained at 535 mA h g −1  
after 150 cycles (Figure  8 b). This lower capacity value might be 
due to the larger diameter of Na + , which induces a lower activity 
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 Figure 7.    a,b) GITT voltage profi les of the Se/MnMC-B electrode (a) and 
the Se/MnMC-N electrode (b) during the fi rst cycle. c) Reaction resist-
ance of the Se/MnMC-B and Se/MnMC-N electrodes.
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for Na +  insertion or de-insertion into/from the Se electrode. 
The corresponding rate retention is shown in Figure  8 c,d. The 
specifi c capacities were 624, 613, 591, 555, 536, 365, 180, and 
146 mA h g −1  for 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 C, respectively. 
The inferior rate performance compared to that of lithium 
storage may be caused by the sluggish Na +  transformation at 
high rates. 

  The good cycling stability of the as-prepared Se based mate-
rials in carbonate electrolyte for both the Li-Se and Na-Se bat-
teries agreed well with previously reported results. [ 24,35 ]  We can 
thus conclude that the Se anions were able to react with the 
carbonyl groups of the carbonate solvent and that the nucleo-
philic Se-based electrodes worked well in the carbonate elec-
trolyte thanks to the protection of the insulating and stable 
layer (similar to the solid electrolyte interphase in LIBs) on the 
surface. [ 15,43,45 ]   

  3.     Conclusion 

 A new baked-in-salt approach has been proposed to enable the 
infi ltration of Se into a metal complex-derived porous carbon 
(Se/MnMC-B), thereby avoiding the need for a protective argon 
or vacuum environment. The confi ned narrow space guaran-
teed the close proximity of the infi ltrated amorphous selenium 
and the porous carbon host. The use of NaCl assured an almost 
constant processing temperature, because of the higher specifi c 
heat capacity of NaCl compared to that of Se, diminishing tem-
perature fl uctuations in the system. The Se/MnMC-B electrode 
showed an excellent electrochemical performance both for 

Li-Se and Na-Se batteries. For lithium storage, the Se/MnMC-B 
cathode showed i) a specifi c capacity of 636 mA h g −1  at 0.1 C 
after 150 cycles, ii) a very stable cycling performance, with a 
capacity of 580 mA h g −1  at 1 C after 1000 cycles, iii) a good 
rate capability delivering 510 mA h g −1  at 20 C. For sodium 
storage, a specifi c capacity of 535 mA h g −1  was achieved at 
0.1 C after 150 cycles. In the Se/MnMC-B sample, selenium 
might be functionalized through the interaction between the 
Se-O bond and the C-O bond to form a concomitant homo-
geneous adsorption on and within the porous MnMC, thus 
leading to a higher effi ciency for Li-Se and Na-Se batteries. 
The main problems of capacity fading, poor cycling stability, 
and low Coulombic effi ciency, which are usually related to this 
type of battery, have thus been solved by using this preparation 
method. Furthermore, the results also demonstrate the great 
potential of this approach as a new and effective general syn-
thesis method for confi ning other low melting point materials 
into a porous carbon matrix.  

  4.     Experimental Section 
 All the chemical reagents used here were analytical grade without further 
purifi cation. 

  Synthesis of Manganese Malate Trihydrate (C 4 H 4 MnO 5 ·3H 2 O) 
Precursor : 5 mmol of MnCl 2 ·H 2 O and 5 mmol of malic acid were added 
into 40 mL ethanol in a 100 mL beaker. Then, 4 mL of 2.5  M  NaOH was 
added dropwise to the above solution. Finally, the beaker was sealed and 
maintained for 6 h under ultrasonication. Then the pink product was 
fi ltered and washed with deionized water and ethanol several times, and 
dried under vacuum at 60 ºC for 6 h. 

 Figure 8.    a) Discharge–charge profi les of the Se/MnMC-B electrode at 0.1 C in the voltage range of 0.5–2.5 V vs Na/Na + , b) cycling performance of 
the Se/MnMC-B electrode at 0.1 C, c) discharge–charge profi les for the Se/MnMC-B electrode at various C-rates, and d) rate capabilities of the Se/
MnMC-B electrode in a Na-Se battery.
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  Synthesis of Manganese Malate Derived Porous Carbon (MnMC) : 
The as-prepared manganese malate trihydrate precursor was heated 
at 700 ºC for 5 h in Ar atmosphere (heating rate 5 ºC min −1 ). Then, 
the black solid residue was washed with diluted HNO 3 . Finally, the 
manganese malate derived carbon was collected by fi ltration, washed 
with abundant distilled water until the pH of the fi ltrate was about 7. The 
MnMC was fi nally dried overnight at 70 ºC for 6 h in an oven. 

  Preparation of the Se/MnMC Composites by the Baked in Salt Approach 
(Se/MnMC-B Sample) : In a typical synthesis, MnMC and commercial 
selenium with a weight ratio of 3:7 were ball-milled in a mortar for 12 h. 
Then the mixture was sandwiched between compacted NaCl in a 5 mL 
Tefl on-lined stainless steel autoclave and heated to 260 ºC for 24 h, at 
a heating rate of 2 ºC min −1 . After the autoclave was allowed to cool 
down naturally to room temperature, the product was collected by 
centrifugation, washed with distilled water, and ethanol, and then dried 
under vacuum at 60 ºC for 6 h. 

  Preparation of the Se/MnMC Composites by a Normal Melt-Diffusion 
Strategy (Se/MnMC-N Sample) : In a typical synthesis, MnMC and 
commercial selenium with a weight ratio of 3:7 were ball-milled in a 
mortar for 12 h. Then the mixture was heated at 260 ºC for 24 h at a 
heating rate of 2 ºC min −1  in a tubular furnace under argon atmosphere. 
After cooling down to room temperature, the Se/MnMC-N composite 
was obtained. 

  Material Characterization : X-ray diffraction (XRD) was recorded 
on a Philips X’Pert Super diffractometer using Cu Kα radiation 
( λ  = 1.54178 Å). The morphology of the reaction product was observed 
by scanning electron microscopy (SEM, JEOL-JSM-6700F), and 
transmission electron microscopy (TEM, Hitachi H7650 and HRTEM, 
JEM-ARM 200F TEM). The elemental distribution of the samples was 
detected by energy-dispersive X-ray spectrometry (EDX) elemental 
mapping analysis (JEM-ARM 200F). Raman spectra were taken on a 
JYLABRAM-HR confocal laser micro-Raman spectrometer. The carbon 
content of the product was measured by elemental analysis (EA) 
(Vario EL-III). Thermal gravimetric analysis (TGA) was carried out in 
N 2  by ramping the temperature up from room temperature to 800 °C 
at a heating rate of 10 °C min −1 . X-ray photoelectron spectroscopy 
(XPS) spectra were acquired on an ESCALAB 250 spectrometer 
(Perkin-Elmer). 

  Electrochemical Measurements : Electrochemical experiments were 
carried out using CR2016 coin cells. The electrodes were prepared by 
mixing the obtained materials, super P carbon, and sodium alginate 
(SA) binder dispersed in water at a weight ratio of 80:10:10. The 
obtained slurry was coated on Al foil and dried at 110 °C for 10 h in 
vacuum. The loading of the active materials was between 0.8 and 1.5 
mg cm −2 . The electrolyte used for testing was 1  M  LiPF 6  in 1:1 ethylene 
carbonate/diethyl carbonate (EC/DEC) (Zhuhai Smoothway Electronic 
Materials Co., Ltd (China)) and the separator was a Celgard 2400 
membrane. The cells were assembled in an argon-fi lled glove box, and 
then aged for 12 h before testing. Galvanostatic measurements were 
made using a LAND-CT2001A instrument at room temperature that 
was cycled between 1 V and 3.0 V versus Li + /Li at different current 
densities from 0.1 to 20 C (1 C = 678 mAh g −1 ). The calculations of 
the specifi c discharge/charge capacities were based on the total mass 
of selenium. The AC impedance spectra were carried out using an 
electrochemical workstation (CHI660E) by applying an AC voltage of 
5 mV in amplitude in the frequency range of 0.01 Hz to 100 kHz at 
room temperature. Cyclic voltammetry (CV) was carried out using a 
CHI660E electrochemical workstation. The obtained spectra were 
analyzed using ZView software. The galvanostatic intermittent titration 
technique (GITT) was performed under constant-current conditions 
for 0.5 h at a constant current density of 30 mA g −1 . The relaxation 
period was set to be 4 h. For the sodium storage test, the electrolyte 
was prepared by dissolving 1  M  NaClO 4  in propylene carbonate (PC), 
and glass fi ber (GF/D) from Whatman was used as the separator. 
Galvanostatic measurements were made using a LAND-CT2001A 
instrument at room temperature that was cycled between 0.5 V and 
2.5 V versus Na + /Na at different current densities from 0.1 to 20 C 
(1 C = 678 mAh g −1 ).  
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