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� Spherical MnSeC and MnOeC com-
posite powders are prepared by spray
drying process.

� Dextrin plays a key role in the prep-
aration of MnSeC and MnOeC com-
posite powders.

� MnSeC powders exhibit good elec-
trochemical properties for lithium-
ion storage.
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a b s t r a c t

Spherical micron-sized MnSeC and MnOeC composite powders are successfully prepared by post-
treating the spray-dried precursor powders. Dextrin, which is used as the carbon source material,
plays a key role in the preparation of the composite powders with regular morphologies; the bare MnS
and MnO powders prepared from the spray solution without dextrin have irregular morphologies. The
MnSeC composite powders prepared from the spray solution containing 17 g L�1 of dextrin have mixed
crystal structures of a- and g-MnS phases. These powders exhibit superior electrochemical properties
compared with those of their MnS and MnOeC counterparts. For example, at a current density of
0.5 A g�1, the MnOeC powders have a 100th-cycle discharge capacity of 321 mA h g�1; the corresponding
discharge capacities of the MnS powders prepared from spray solutions containing 0, 17, and 50 g L�1 of
dextrin are 501, 786, and 636 mA h g�1, respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metal sulfide materials have been widely used as anode mate-
rials for lithium-ion batteries (LIBs) [1e12]. Several studies have
been conducted, particularly on the metal sulfide-carbon com-
posite powders, with the aim of improving the electrochemical
properties of metal sulfides [13e32]. For example, the inclusion of
carbon materials improves the structural stability of these metal
sulfides during cycling and augments the conductance of the active
materials [16e18]. Control of the morphology and mean size of the
metal sulfide and metal sulfide-carbon composite materials is,
however, essential to their efficient application in LIBs. Spherical
micron-sized powders have been successfully applied as anode
materials for LIBs owing to their high packing density on the cur-
rent collector [33,34]. However, the efficient large-scale production
of spherical micron-sizedmetal sulfide-carbon compositematerials
with suitable structures for application in LIBs has been scarcely
studied.
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The spray drying process was developed for the large-scale
production of spherical micron-sized metal oxide and metal
oxide-carbon composite powders [35e48]. However, direct sulfi-
dation of themetal oxide powders could not be performed owing to
the low preparation temperature of this process; therefore, metal
sulfide materials have been rarely prepared via the spray drying
process. In addition, compared with their SnSeC, NiSeC, MoS2eC,
and CoSxeC counterparts, significantly fewer studies have been
conducted on the MnSeC composite materials [19e32]. Therefore,
in this study, micron-sized manganese salt-dextrin composite
powders with spherical shapes were prepared via a pilot-scale
spray drying process; i.e., MnSeC composite powders were pre-
pared by post-treating the spray-dried precursor powders under an
H2S atmosphere. Moreover, the effect of the dextrin content of the
spray solution on the morphological and electrochemical proper-
ties of these powders was investigated. These electrochemical
properties were compared with those of the MnOeC composite
powders prepared by the same process but without applying the
sulfur source material.
2. Experimental

2.1. Synthesis of MnSeC and MnOeC composite powders

The pilot-scale spray drying system that was used to prepare a
spray-dried dense powder composed of spherical particles is
shown in Fig. S1. The temperatures at the inlet and outlet of the
spray dryer were fixed at 300 �C and 120 �C, respectively, and a
two-fluid nozzle was used as an atomizer; the atomization pressure
was 2.0 bar. The precursor solution for spray drying (i.e., the spray
solution) was prepared by dissolving 0.15 M manganese acetate
tetrahydrate [Mn(CH3COO)2$4H2O, Junsei] and 17 and 50 g L�1 of
dextrin [(C6H10O5)n, Samchun] in distilled water. Furthermore,
MnO and MnOeC composite powders were obtained by post-
treating the spray-dried precursor powders in Ar; i.e., the precur-
sor powders were heated at a rate of 5 �C min�1 to 300 �C and then
maintained at that temperature for 3 h. MnS and MnSeC powders
were subsequently obtained by sulfiding the respective MnO and
MnOeC powders at 300 �C for 12 h under a 10% H2/Ar gas atmo-
sphere, with thiourea as the sulfur source. An alumina boat con-
taining theMnO orMnOeC powders was placed in a larger alumina
boat with a cover. A thiourea powder was then loaded on the
outside of the small alumina boat for complete sulfidation of the
powders. The hydrogen sulfide gas, which is required for the sul-
fidation, was produced through decomposition of the melted
thiourea under the H2/Ar carrier gas.
2.2. Characterization

The crystal structures of the powders were determined from X-
ray diffraction (XRD, Rigaku DMAX-33) measurements, which were
performed at the Korea Basic Science Institute in Daegu. The cor-
responding morphological characteristics were examined using a
scanning electronmicroscope (SEM, TESCANVEGA3 SBH) and high-
resolution transmission electronmicroscope (TEM, JEOL JEM-2010).
The specific surface areas of the powders were calculated from a
BrunauereEmmetteTeller (BET) analysis of the nitrogen adsorption
measurements (TriStar 3000). The MnOeC and MnSeC composite
powders were investigated using X-ray photoelectron spectroscopy
(XPS, ESCALAB-210) with Al Ka radiation (1486.6 eV). In addition,
the decomposition characteristics of the precursor powder were
determined via thermogravimetric analysis (TGA, SDT Q600),
which was performed in air at a heating rate of 10 �C min�1.
2.3. Electrochemical measurements

The capacities and cycle properties of the powders were deter-
mined in 2032-type coin cells whose electrodes were prepared
from a mixture containing 70 wt% active material, 20 wt% Super P,
and 10 wt% sodium carboxymethyl cellulose binder. Lithium metal
and microporous polypropylene film were used as the counter
electrode and separator, respectively. A 1 M LiPF6 solution in a 1:1
mixture (by volume) of ethylene carbonate/dimethyl carbonate
with 5% fluoroethylene carbonate was used as the electrolyte. The
charge/discharge characteristics of the samples were determined
by cycling in the 0.001e3 V potential range at a set of fixed current
densities and the corresponding cyclic voltammetry (CV) mea-
surements were performed at a scan rate of 0.07 mV s�1. The size of
the negative electrode was 1 cm � 1 cm and the mass loading of
active material was approximately 1.0 mg cm�2.

3. Results and discussion

The morphologies of the precursor powders prepared via spray
drying from the spray solutions with and without dextrin are
shown in Fig. 1. Owing to the low hygroscopicity of the salt, the
manganese acetate-containing droplets were well-dried (Fig. 1),
and hence exhibited non-aggregation characteristics, irrespective
of the dextrin content. This rapid drying resulted however, in
spherical powders, which have a pork-marked structure. MnS
powders were produced by post-treating the precursor powders
via a two-step process; i.e., the precursor powders were heated
under Ar atmosphere for 3 h (first step) and then sulfidated under
10% H2/Ar atmosphere for 12 h (second step). The XRD pattern
(Fig. 2) reveals that the first-step post-treated powders have a
phase-pure MnO crystal structure. Moreover, the amorphous car-
bon resulting from the carbonization of dextrin under Ar atmo-
sphere led in turn, to the formation of MnOeC composite powders
from the dextrin-containing spray solution. For dextrin contents of
0 and 17 g L�1, these powders have mean crystallite sizes of 18 and
10 nm, respectively, as calculated from the (200) peak widths using
Scherrer's equation. The XRD pattern of the MnOeC composite
powders prepared from spray solutions containing 50 g L�1 of
dextrin exhibited no XRD peaks, which correspond solely to the
amorphous phases. The amorphous carbon retarded the crystal
growth of the MnO phase during the post-treatment process. The
XRD patterns of the powders obtained after sulfidation process had
phase pure crystal structure of MnS. In other words, MnS and
MnSeC powders resulted from the sulfidation of the MnO and
MnOeC powders, respectively. The bare MnS powders have a
phase-pure a-MnS crystal structure. On the other hand, the MnSeC
composite powders prepared from the spray solution containing
17 g L�1 of dextrin had a mixed crystal structure of a- and g-MnS
phases. The XRD pattern shows, however, that the MnSeC com-
posite powders prepared from the spray solution containing
50 g L�1 of dextrin have an amorphous-like structure. XPS analysis
was performed to confirm the accurate phase of the MnOeC and
MnSeC composite powders prepared from the spray solution
containing 50 g L�1 of dextrin. In the case of MnOeC, the main
peaks observed in the XPS spectrumwere O1s with peak locating at
531.4 eV andMn2p with two peaks locating at 641.5 eV for Mn2p3/2
and 653.2 eV for Mn2p1/2, which are the characteristics of MnO
[49,50]. In the case of MnSeC, the S2p peak at 160.9 eV was
observed in the XPS spectrum along with the peaks for Mn2p3/2
and Mn2p1/2, which are consistent with the reference value of MnS
[51,52]. The MnS powders prepared from the spray solutions with
dextrin contents of 0 and 17 g L�1 have mean crystallite sizes of 19
and 17 nm, respectively, as calculated from the (200) peak widths
using Scherrer's equation. Fig. 3 shows the TG curves of theMnOeC,



Fig. 1. Morphologies of the precursor powders prepared by spray drying process: (a)
dextrin 0 g, (b) dextrin 17 g, and (c) dextrin 50 g.

Fig. 2. XRD patterns of the MnO, MnS, MnOeC, and MnSeC powders.
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MnS, and MnSeC powders. The TG curve of the MnOeC composite
powders prepared from the spray solution containing 17 g L�1 of
dextrin exhibits a two-step weight loss for temperatures of up to
900 �C as shown in Fig. 3a. The first step, which occurs at tem-
peratures below 200 �C, is associated with the loss of water
adsorbed on the MnOeC composite powders. The abrupt weight
loss at ~200 �C (i.e., the second step) is attributed to the composi-
tion of amorphous carbon. However, the weight increase stemming
from the oxidation of MnO intoMn2O3 results in a slight decrease in
the weight loss associated with the combustion of amorphous
carbon. The TG curve of the bare MnS powders shown in Fig. 3b
reveals three-step weight loss and one-step weight increase for
temperatures below 900 �C. The second and third step losses result
from the conversion of MnS into Mn2O3 via Mn3O4 and MnSO4
intermediates. The weight increase stemming from the conversion
reaction of MnS into MnSO4 results in a slight decrease in the
weight loss associated with the oxidation of MnS at ~500 �C. The
third step of theweight loss, which occurs at ~715 �C is attributed to
the decomposition of MnSO4 and oxidation of Mn3O4 into Mn2O3.
The TG curves of the MnSeC composite powders prepared from the
spray solutions containing 17 and 50 g L�1 of dextrin also reveal
three-step weight loss for temperatures below 900 �C. The abrupt
weight loss at ~400 �C (i.e., the second step) is attributed to the
combustion of amorphous carbon. Moreover, sulfidation of the
composite powders resulted in an increasing of the combustion
temperature of the carbon material. The weight increase stemming
from the conversion reaction of MnS into Mn3O4 andMnSO4 results
in a slight decrease in the weight loss associated with the com-
bustion of amorphous carbon. However, oxidation of some amount
of Mn3O4 and MnSO4 intermediates occur by heat evolution by
combustion of carbon material. Therefore, the weight loss by con-
version of MnSO4 into Mn2O3 was low in the third step weight loss
at ~715 �C. Carbon contents of 41, 47, and 61% were estimated from
the TG analysis of the MnOeC, MnSeC, and MnSeC composite
powders prepared from the spray solutions containing 17, 17, and
50 g L�1 of dextrin respectively.

The morphologies of the bare MnO and MnOeC powders are
shown in Fig. S3. The particles of the bare MnO powders have
irregular shapes and a broad distribution of sizes. Furthermore,
owing to their low melting temperature (210 �C), the spherical
manganese acetate powders formed via the spray drying process
melted before being decomposed into MnO powders. However,
dextrin, which was used as the carbon source material, prevented
the deformation of these spherical powders during the formation of
the MnOeC composite powders. The MnOeC composite powders
have, therefore, similar shape to that of the spray-dried powders,
which have a pork-marked structure. The BET surface area of the
MnOeC powders prepared from the spray solution containing
17 g L�1 of dextrin was 0.6 m2 g�1. The SEM images (Figs. S3 and 4)
reveal the similarities between the morphologies of the powders



Fig. 3. TG curves of the MnOeC, MnS, and MnSeC powders: (a) MnOeC, dextrin 17 g,
(b) MnS, dexrtin 0 g, (c) MnSeC, dextrin 17 g, and (d) MnSeC, dextrin 50 g. Fig. 4. Morphologies of the MnS and MnSeC powders: (a) dextrin 0 g, (b) dextrin17 g,

and (c) dextrin 50 g.
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obtained before and after the sulfidation process; i.e., the spherical
morphology and non-aggregation characteristics of the MnOeC
composite powders were retained even after complete sulfidation
at 300 �C. The bare MnS powders had smaller size than those of the
MnSeC composite powders as shown in Fig. 4. The MnSeC com-
posite powders prepared from the spray solution containing
17 g L�1 of dextrin have a mean size of 3.9 mm. High resolution SEM
and TEM images and elemental mapping images (Fig. 5) also reveal
their filled structure and rough surface. In fact, the high-resolution
TEM image shown in Fig. 5c shows a well-faceted nanocrystal that
is uniformly covered with amorphous carbon. The inset image in
Fig. 5c also shows the clear 0.32 nm-spaced lattice fringes, corre-
sponding to the (002) crystal plane of g-MnS. The elemental
mapping images shown in Fig. 5d reveal the uniform distributions
of Mn, S, and C components all over the MnSeC composite powder.
The BET surface areas of the MnS powders prepared from the spray
solutions containing 0, 17, and 50 g L�1 of dextrinwere 11.1, 2.3, and
1.5 m2 g�1, respectively.

The electrochemical properties of the MnS, MnOeC, andMnSeC
powders are shown in Figs. 6 and 7. Fig. 6aec shows the cyclic
voltammetry (CV) curves for the first 5 cycles, which were obtained
at a scan rate of 0.07 mV s�1 in the potential range of 0.001e3.0 V.
The peaks near 0.39 and 0.28 V in the CV curves of the bare MnS
and MnSeC powders, respectively, are attributed to the reduction
of MnS to metallic Mn and the formation of amorphous Li2O
[10e12,19e21]. However, the ultrafine MnS crystallites in the
MnSeC composite powders resulted in an unclear reduction peak
in the initial discharge process. The reduction peak at ~0.05 V in the



Fig. 5. Morphologies and elemental mapping images of the MnSeC powders prepared from the spray solution with 17 g dextrin: (a) high resolution SEM image, (b) low resolution
TEM image, (c) high resolution TEM image, and (d) elemental mapping images.

Fig. 6. CV curves and initial discharge and charge curves of the powders: CV curves of (a) MnS (dextrin 0 g), (b) MnSeC (dextrin 17 g), (c) MnOeC (dextrin17 g), and (d) initial charge
and discharge curves of the MnS, MnSeC, and MnOeC powders.
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Fig. 7. Electrochemical properties of the MnS, MnSeC, and MnOeC powders: (a) cycling performances, (b) rate performance of the MnSeC (dextrin 17 g), (c) Nyquist plots before
cycling, and (d) Nyquist plots after 50 cycles.
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initial CV curve of the MnOeC powders can be attributed to the
reduction of MnO to metallic Mn via the reaction: MnO þ 2 Liþ þ 2
e� / Li2O þ Mn [53,54]. Fig. 6d shows the initial charge and
discharge curves of the MnS, MnOeC, and MnSeC powders at a
current density of 0.5 A g�1. Owing to their ultrafine crystallite
sizes, the plateaus in the initial charge and discharge curves of the
MnSeC and MnOeC composite powders were insignificant
compared with those of the bare MnS powders. The MnS powders
prepared from the spray solutions containing 0, 17, and 50 g L�1 of
dextrin had initial discharge capacities of 1261, 1378, and
1192 mA h g�1, respectively, and corresponding initial Coulombic
efficiencies of 54, 47, and 49%. The higher initial Coulombic effi-
ciency of the composite powders prepared from the spray solution
containing 50 g L�1 of dextrin, compared to that its 17 g L�1

counterpart, stems from the higher structural stability of the
amorphous-like MnSeC composite powders with high carbon
content. Furthermore, the high amount of amorphous carbon with
high initial irreversible capacity loss resulted in lower initial
Coulombic efficiencies of theMnSeC composite powders compared
with that of their bare MnS counterparts. The MnOeC composite
powders prepared from the spray solution containing 17 g L�1 of
dextrin had initial discharge and charge capacities of 984 and
387 mA h g�1, respectively.

Fig. 7a shows the cycling performances of the MnS, MnOeC, and
MnSeC powders at a current density of 0.5 A g�1. The discharge
capacities of the bare MnS powders decreased gradually during
cycling owing to continuous structural damage. In contrast, the
discharge capacities of the MnSeC composite powders decreased
only slightly during the first 10 cycles but increased gradually with
further cycling, which is attributed to the formation of the solid
electrolyte interphase (SEI) during the subsequent charge process.
This SEI plays a major role because it can be partially decomposed
due to the catalytic activity of metallic nanoparticles [55e58]. The
partially reversible formation/decomposition of the SEI will lead to
an extra capacity of the cell. The MnS powders prepared from the
spray solutions containing 0, 17, and 50 g L�1 of dextrin have 100th-
cycle discharge capacities of 501, 786, and 636 mA h g�1, respec-
tively; the MnOeC powders have a 100th-cycle discharge capacity
of 321 mA h g�1. The electrode density of the MnSeC composite
powders prepared from the spray solution containing 17 g L�1 of
dextrin was 0.67 g cm�3. The volumetric discharge capacity of the
MnSeC composite powders prepared from the spray solution
containing 17 g L�1 of dextrin at the 100th cycle was
524 mA h cm�3.

Fig. 7b shows the rate performance of the MnSeC composite
powders prepared from the spray solution containing 17 g L�1 of
dextrin, with the current density increased stepwise from 0.2 to
3 A g�1 and with 10 cycles performed at each step. Final discharge
capacities of 698, 586, 516, 482, 452, 429, and 423 mA h g�1 were
obtained at current densities of 0.2, 0.5, 1, 1.5, 2, 2.5, and 3 A g�1,
respectively. Furthermore, the powders exhibited excellent recov-
ery of the discharge capacity to 817 mA h g�1 when the current
density was returned to 0.2 A g�1 after 70 cycles.

Electrochemical impedance spectroscopy (EIS) measurements
were performed on the MnS and MnSeC powders before and after
50 cycles in order to investigate the superior cycling performance of
the latter compared to that of the former. The impedance spectra
obtained before and after 50 cycles are shown in Fig. 7c and d. The
Nyquist plots exhibit compressed semicircles in the medium-
frequency range, which is related to the charge-transfer resis-
tance (Rct) of the electrode [59,60]. The pre-cycling and 50th-cycle
charge transfer resistance of the MnSeC composite powders are
higher and lower, respectively than that of the bare MnS powders.
The structural instability of the bare MnS powders during cycling
increased the charge transfer resistance. Based on the aforemen-
tioned results, the superior electrochemical properties of the
MnSeC powders, compared with those of the bare MnS powders,
stem from their structural stability during repeated lithium inser-
tion and desertion processes.
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4. Conclusions

A spray drying process was applied to the large-scale production
of spherical, non-aggregating MnOeC and MnSeC composite
powders. The spray-dried composite powders of Mn acetate and
dextrin were transformed into the spherical MnOeC composite
powders by post-treatment under Ar atmosphere; these powders
were, in turn, transformed into spherical MnSeC composite pow-
ders via a simple sulfidation process under H2S gas. The amount of
dextrin dissolved in the spray solution affected the crystal struc-
tures and morphologies of the MnS powders. Furthermore, the
MnSeC composite powders prepared from the spray solution
containing 17 g L�1 of dextrin exhibited excellent electrochemical
properties and are therefore suitable anode materials for LIBs.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jpowsour.2015.06.142.
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