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Improving surface morphology profiles, i.e., surface area and porosity, by 
nanostructure/surface engineering is effective in accommodating sodium’s 
ionic and kinetic inadequacies. However, this strategy is limited to only 
activating the extrinsic pseudocapacitance in terms of improving surface-
based reactions. Herein, it is aimed to improve the sodiation performance 
by enhancement from both intrinsic and extrinsic pseudocapacitance to 
maximize sodiation potential of materials. A rarely reported but highly 
functional spinel MnCo2S4 (MCS), is introduced and systematically 
analyzed using first-principles investigations, which exhibits energetically 
favorable charge-transfer states and strong Na-ions adsorption kinetics 
as well as diffusion channels (−3.65 and 0.40 eV respectively). The overall 
electrochemical redox profiles of the MCS nanostructure is revealed by in 
situ techniques, which disclose the commencing of partial and then a full 
conversion-type sodiation at low discharge potentials (0.52 V vs Na/Na+) 
with fast Na-ions diffusivity. Assisted by surface engineering technology 
on the intrinsically pseudocapacitive MCS, the urchin-like morphology is 
instrumental in boosting and realizing sodium storage performance, especially 
the surface capacitive behavior (from 73.4% to 94.1%), prolonged cycling 
stability (>800 cycles), and high-rate capability (416 mAh g−1 at 10 A g−1), as 
well as exhibiting remarkable full cell capability (high rate at 2 A g−1,  
>200 cycles at 200 mA g−1).

1. Introduction

The development of highly economical 
energy storage solutions, which requires 
highly stable characteristic and fast 
charge/discharge at any instant, is para-
mount in the effort of popularizing sus-
tainable grid energy generation, i.e., wind 
and solar power, due to their transient 
nature.[1,2] The urgency of these require-
ments is also translated to electric car 
market and its commodities, which have 
resulted in a recent soaring in demand/
prices due to stringent worldwide poli-
cies in reducing carbon footprint.[3–5] In 
this context, sodium-ion batteries (SIBs) 
have been receiving increasingly desirable 
highlights and proposal as one of the prac-
ticable economical storage prospects due 
to: i) its far superior economical advantage 
versus conventional lithium-ion batteries 
(LIBs) technologies,[6] and ii) its electro-
chemical correspondence, and excellent 
energy with power density outlook lever-
aged on the successful development of 
LIBs.[7,8] Due to its ionic features (heavy/
large), recent research efforts have been 
dedicated on improving the modest 

sodiation capacity and sluggish Na-ions kinetics. To date, the 
pressing and persisting issues in developing peak performance 
SIBs electrode materials are still both highly crucial and far 
more challenging.[9–13] Utilizing intrinsically pseudocapacitive 
materials is one of the exploitable strategies due to the struc-
tural preserving and fast charging capability of surface-based 
pseudocapacitive sodiation.[14,15] As one of the highly capaci-
tive materials with rich surface redox chemistries and diffusion 
channels, bimetallic transition metal sulfides (BMS) can also 
accommodate large sodiation capacity due to its open-struc-
tured morphology[16–18] and have shown impressive electronic 
and ionic diffusion kinetics.[19–21] In stark contrast to pseudo-
capacitive oxides, e.g., RuO2 and MnO2,[22,23] BMS is mechani-
cally stable even when electrochemically reacted for long cycles 
or/and sodiated at large potential differences that could incor-
porates large capacity but structural-impactful bulk-redox pro-
cesses, i.e., conversion reaction.[24–28] Thus as of recent, there 
is a considerable emergence of interest in BMS as potentially 
viable sodium storage materials.[29–33]
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According to classifications by Conway and Dunn et al., pseu-
docapacitance is generally categorized as extrinsic (morpho-
logical profiles motivated) and intrinsic (inherent ionophilicity) 
originations of surface-based reactions.[15,34] Extrinsic pseu-
docapacitance is usually achievable by improving the surface 
area and/or reducing the particle sizes.[35,36] Herein, we aimed 
to actuate the extrinsic pseudocapacitance of a potentially 
intrinsic-pseudocapacitive but rarely discussed thiospinel nano-
structure, i.e., manganese cobalt sulfide (MnCo2S4, or MCS), 
and to combine the efforts of both extrinsic and intrinsic pseu-
docapacitance devoted to maximize the utilization and sodiation 
potential of materials. Spinel-based bimetallic sulfides such as 
NiCo2S4 have recently reported possessing promising and 
encouraging sodiation/lithiation potentials due to its intrinsic 
pseudocapacitance.[37–40] Having very similar structure, we 
first investigated the surface-based sodiation prospects of MCS 
via ab initio (first-principles) methods. The findings revealed 
significant capacitive characteristics and Na-ionic kinetics due 
to the energetically favorable charge-transfer states and surface-
based adsorption/diffusion. This encourages further investiga-
tion on the Na electrochemical redox mechanism, elucidated via 
operando technique to unveil the nature of the surface and bulk 
sodiation/desodiation with respect to various overpotentials 
(V vs Na/Na+) which is crucial for establishing effective  

electrode design methodologies. Following our synthesis 
method, the surface engineering contributes to surface-based 
capacitive improvement (94.1% at 5 mV s−1) from the size-
able intrinsic contribution before the modification (73.4%). By 
combining the improvement on both extrinsic and intrinsically 
pseudocapacitive materials, this carefully formulated strategy 
attributes to pronounced sodiation performance enhancement.

2. Results and Discussion

The general synthesis process of the MCS nanostructure is 
illustrated in Figure 1a and detailed in the Experimental Section 
(Supporting information). Manganese and cobalt nitrate with 
given mixture of isopropanol/glycerin were hydrothermally 
treated to obtain bimetallic alkoxide precursors (MCP). The 
MCP precursors manifest uniform spherical morphology 
(<500 nm diameter, Figure 2a) and were subjected to thermal-
hydrolysis with poly(diallyldimethylammonium chloride) 
(PDDA) at various durations (15 and 30 min), which convert 
these alkoxide precursor to hydroxide layers vertically grown on 
the surface of the nanospheres.[41] Finally, MCS nanostructure 
(MCS15/30) were formed by subjecting all hydrolyzed MCP 
precursors to vapor-based sulfurization technique (Figure 1c,d). 
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Figure 1. a) The synthesis process of MCS nanostructures from the bimetallic alkoxide (MCP) precursor with the addition of cationic 
poly(diallyldiemthylammonium chloride) (PDDA). Materials characterization results of MCS nanostructures: FESEM results of b) MCS0; c) MCS15;  
d) MCS30 (scale bar, 500 nm); e) EDS elemental mapping of Co, Mn, and S and the corresponding FESEM of MCS30; f) XRD patterns of various MCS 
samples; XPS g) survey spectrum; h) Mn 2p and Co 2p profiles; i) S 2p profiles of MCS30.
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We have also synthesized MCS structures (MCS0) from the 
as-prepared MCP precursors by directly subjecting it to the 
same sulfurization technique without hydrolysis (Figure 1b). 
According to high resolution field-emission scanning electron 
micrograph (FESEM) of MCS30 (Figure 1d,e), the synthesis 
process does not alter the initial spherical morphology, apart 
from the formation of spine-like vertical layers normal to the 
spherical construct. Calibrated energy dispersive X-ray (EDS) 
mapping results indicate the existence of sulfur, cobalt and 
manganese elements which are colocalized (Figure 1e). The 
ratio of the Mn and Co were determined at 1:2.01 (Figure S1, 
Supporting Information), suggesting the formation of bime-
tallic sulfide with Mn/Co ratio of 1:2. For comparison, the 
similar sulfurization yields the same for MCS0, as shown in 
Figure S2 (Supporting Information). To confirm the single-
phase formation of MCS synthesis, X-ray diffraction (XRD) 
was conducted on all samples which exhibits thiospinel struc-
ture at Bragg angles (2θ) of 26.7°, 31.5°, 38.2°, 47.0°, 50.4°, and 
55.2°, corresponding to (220), (311), (400), (422), (511), and 
(440) planes respectively (Figure 1f).[42–44] The results affirm the 
formation of MnCo2S4 in all samples.[42–45] X-ray photoelectron 
spectroscopy (XPS) was further employed to characterize the 
oxidation states of transition metals and chalcogen element to 
provide additional information on the molecular bonding states 
(Figure 1g–i). XPS survey spectrum illustrates the existence 
of Co, Mn, and S elements (Figure 1g). The superficial pen-
etration depth of XPS method suggest that surface-adsorbed 
oxygen species were detected as shown (O 1s). Both Mn 2p and 
Co 2p spectra are deconvoluted into two spin-orbit doublets due 
to the divalent (Mn2+, Co2+) and trivalent (Mn3+, Co3+) states 
(Figure 1h).[18,44,46] S 2p spectrum exhibits a pair of spin-orbit 
doublet centered at 161.9 and 162.78 eV,[18,44,46] accompanied by 
weak and broad profile ascribed to oxidation of sulfur species 
(S–O) at the sample surface with low coordination numbers 

(161.5 eV).[47,48] Another contribution at 164.0 eV is also 
observed, corresponding to the bonding between the transi-
tion metals and sulfur (Figure 1i).[33,49] The results confirms the  
formation of MCS structure.[18,44,50]

We further discuss the formation mechanism of the 
nanostructured precursors as illustrated in Figure 2a. The 
hydrolysis of alkoxide are commonly reported conducted at 
higher temperatures and necessary with hydrothermal treat-
ment (>120 °C).[51,52] Herein, the involvement of surfactants 
(PDDA) is crucial in elevating the reaction rate which enables 
the thermal hydrolysis to be conducted at much lower pro-
cessing temperatures without pressurized conditions (60 °C) 
and with faster processing times (T1 and T2, as 15 and 30 min 
respectively). FESEM results indicate the formation of ver-
tical layers normal to the surface of the nanospheres with 
increasing processing time (Figure 2a, from T1–T2) from 
the initial spherical morphology. The addition of cationic 
PDDA surfactant functionalizes the microstructural surface, 
enhances the electrophillicity and hence improves the suscep-
tibility of attack by polar water molecules during hydrolysis 
(Figure 2a).[53,54] To confirm this, we subjected MCP precursor 
to identical process conditions by replacing PDDA with cetyl 
trimethyl ammonium bromide (CTAB, a similar cationic 
surfactant) and sodium dodecyl sulfide (SDS, anionic sur-
factant). It is revealed that addition of surfactants, i.e., cati-
onic surfactant, (Figure S3, Supporting Information) results 
in similar enhancement while retaining the overall spherical 
morphology. In overall, two batches of hydrolyzed precur-
sors of MCS15 (T1 = 15 min) and MCS30 (T2 = 30 min), 
were synthesized utilizing PDDA surfactant followed by the 
vapor-based sulfurization technique. In comparison to pre-
vious reports, the processing time is significantly reduced 
(15–30 min vs 6 h) and only requires much lower temperature 
without undergoing hydrothermal treatments (60 vs 160 °C) 
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Figure 2. a) Schematics of the surface modification technique via cationic-actuated thermal hydrolysis and their surface morphologies of MCS15 
(T1) and MCS30 (T2) (scale bar, 500 nm); b) TEM micrograph of MCS30 construct (scale bar, 200 nm); c) HRTEM results at the region defined in 
(b), indicating various crystalline lattices (scale bar, 10 nm); d) SAED diffraction patterns (scale, 10 nm−1); e) N2 adsorption/desorption isotherms, 
inset depicts the specific surface area (SSA) results evaluated by Brunauer–Emmett–Teller (BET) methods; f) the pore size distribution of all MCS 
nanostructures (MCS0, 15/30).
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and therefore is much safer, straightforward and economical 
aligned to the cost-savings direction of SIBs.[51,52]

The in-depth microstructure of MCS nanostructure 
(MCS30), were further examined by high-resolution trans-
mission electron microscopy (HRTEM). HRTEM micrograph 
(Figure 2b) manifests pronounced and densely grown vertical 
layers on the surface of the nanospheres, consistent with the 
FESEM results. The formation of spine-like structure contrib-
utes to sizeable enhancement of specific surface area (SSA) and 
is critical in achieving surface-based reactions. In Figure 2c, 
magnified HRTEM image exhibits highly resolved lattice 
fringes with interplanar spacings of 0.23, 0.29, and 0.34 nm, 
corresponding to the standard MCS structure of (400), (311), 
and (220) planes.[42–44] Selected area electron diffraction (SAED) 
patterns exhibit concentric diffraction rings attributed to MCS 
lattices of (220), (311), (400), (422), and (440) (Figure 2d). The 
results directly affirmed the success preparation of polycrystal-
line MCS nanostructure consistent to XRD and XPS results. 
The SSA profiles of all sulfide nanostructures were quanti-
fied by Brunauer–Emmett–Teller (BET) analysis on the N2 
adsorption/desorption isotherms (Figure 2e). The MCS15/30 
isotherms exhibit H3 and Type IV type hysteresis, indicating slit 
and plate-like mesoporous pore profile formation of the MCS 
nanostructures. The pore size profiles of all samples indicate 

near microporous (<2 nm) feature, mostly centered at around 
3–4 nm in diameter with MCS15/30 manifesting slightly larger 
size distributions (Figure 2f). The results are coherent that 
the hydrolysis-based surface engineering technology signifi-
cantly improves SSA profiles (from 80 to 153 m2 g−1), which 
could prove to be crucial in enhancing the sodium storage 
performance.

The inherent surface-based ionic kinetics of pristine MCS 
were studied by first-principles method to emphasize on 
systematic and concise evaluation of the adsorption and diffu-
sion capabilities. The surface adsorption kinetics is simulated 
based on the model as indicated in Figure 3a, which utilizes 
the following expression for evaluating the surface adsorption 
energy (Eadsorption)

= − −adsorption NaxMCS MCS NaE E E xE  (1)

where ENaxMCS and EMCS are the total energies of the lattice 
with and without the surface ions adsorption respectively. ENa 
is the self-clustering energy of the formation of Na particulate 
agglomerations from Na-ions. The adsorption energy is calcu-
lated as −3.65 eV, indicating it is more energetically favorable 
to be adsorbed contrasting to forming Na agglomerations. 
The surface adsorption energy is significantly lower and thus 
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Figure 3. a) Schematic diagram of the MCS structure subjected to Na-ions adsorption from the top (on xz plane) and side view (on xy plane);  
b) the most energetically favorable surface diffusion barrier profile of the Na-ions; c) the total density of states (DOS) of MCS in comparison with NCS 
(NiCo2S4) concentrated near Fermi level EF (referenced to zero), at energy range of −1 to 1 eV.
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energetically favorable than most reported high-performance 
single metal sulfides and bimetallic sulfides (e.g., NiCo2S4 at 
−2.10 eV),[33,55,56] indicating extremely strong Na-ions surface 
adsorption kinetics. To further investigate the diffusion capa-
bility in terms of the diffusion barrier imposed by the surface 
structure, we utilize the nudge elastic band model (NEB). The 
most favorable diffusion pathway, e.g., on the (400) plane which 
is one of the major-observed lattices, exhibits diffusion bar-
rier at 0.4 eV (Figure 3b). This is about the same magnitude 
if not lower than recent reported studies of Na-diffusion on 
sulfide based materials, indicating efficient Na-ionic surface 
diffusivity.[26,33,57,58]

To further assess whether it is also energetically motivating 
to undergo charge-transfer reactions, we are particularly inter-
ested in investigating the density of states (DOS) especially 
at around the Fermi level (EF) to reveal energy levels/
states via density functional theory (Figure S4, Supporting 
Information).[59] Total DOS results indicate very encouraging 
charge-transfer potentials, manifesting highly intensified with 
broad and large number of energy states near EF (Figure 3c). 
We also include commonly reported bimetallic NiCo2S4 (NCS) 
as a comparison in which it was suggested to be semi-metallic 
and a highly suitable sodiation platform.[60] Under the same 
model, the results indicate that the density of states of MCS 
near EF is even more abundant and intensified than NCS, as 
well as in comparison to other similar single metal sulfides 
(cobalt and nickel sulfide) which some of them exhibits very 
obvious energy gaps (Eg).[61,62] The large abundance DOS near 
EF indicates the wide availability of these quasi-continuous 
energy levels and should play a key role in charge storage over a 
wide range of energy and potential windows, thus indicative of 
a higher faradaic capacitive storage.[59,63] It is evident that from 
the adsorption/diffusion and the DOS studies, MCS manifest 
inherent dominance of surface-based, faradaic pseudocapaci-
tance. It is also noteworthy the results also strongly indicative 
of MCS highly electronic conductivity for kinetics facilitation 
due to very narrow and almost insignificant Eg. These findings 
indicate compelling intrinsic pseudocapacitive behavior of pure 
MCS, which are expected to exhibits high rate performance.[36]

To investigate the realistic and overall redox mechanisms 
with respect to applying sodiation/desodiation potentials, we 
subject MCS nanostructures (MCS30) to in situ XRD investiga-
tion (Figure 4a,b). The testing cell was rested before the process 
which manifest a strong/sharp and undeterred XRD pattern at 
≈44° ascribed to beryllia cell window (BeO).[64] The reactions are 
described in four stages. At stage I (1st sodiation), the major 
MCS XRD patterns, i.e., (311) and (400) at 31.5° and 38.2°, are 
observed whilst a broad contribution at 39.1° emerges from 
≈0.8 V (vs Na/Na+) onward ascribed to sodium sulfide (Na2S) 
formation alongside with weaker intensity from the mentioned 
MCS patterns henceforth (Figure 4a,b). Specifically at >0.8 V, 
there are no observant shifts (phase transition) in either MCS 
patterns with increasing discharging (sodiation) capacity, sug-
gesting strong surface-based pseudocapacitive sodiation.[65,66] 
As sodiation progresses <0.8 V, the discharge profiles constitute 
larger faradaic capacity indicated by more pronounced/flatter 
feature of discharging plateaus, which is also partly contributed 
by the bulk-diffusion ions due to the emergence of the Na2S, 
indicates the partial commencement of conversion reaction at 

lower discharge potentials. At <0.52 V, the MCS patterns are 
diminished completely with large Na2S contribution attributed 
to all sodiated species by bulk-conversion reaction.[67] At stage 
II (1st desodiation), the broad Na2S persisted until ≈1.5–1.7 V 
ascribed to reverse of conversion process which the charging 
profiles exhibits nearly symmetric feature to sodiation profiles. 
The emergence of a weak XRD pattern at ≈38.2°, as shown 
in Figure 4b near to the end of the desodiation process, indi-
cates formation of MCS (400) phase from the reverse of the 
conversion process. However, the weak intensity indicates that 
crystallinity is weak and compromised after the conversion 
process. At stage III and IV (2nd cycle), the redox mechanism 
repeats the same trend and feature in both charge/discharge 
versus XRD dynamics as discussed. The overall redox mecha-
nism is therefore described as follows

( )
( )

+ + → + +
−
<

+ −MnCo S 8Na 8e 4Na S 2Co Mn

0.8 0.52 V, partial conversion

0.52 V, full conversion

2 4 2

 

(2)

( )+ + → + + >+ −4Na S 2Co Mn MnCo S 8Na 8e 1.5 V2 2 4  (3)

In our recent studies of similar bimetallic nickel cobalt 
sulfide (NiCo2S4 or NCS) microstructure, the weak formation 
of crystal structure after the first conversion process is ascribed 
to abundant grain boundaries and small grains formation 
from NCS structure after the 1st conversion process.[33] In this 
present work, ex situ FESEM results after long cycling pro-
cess indicates very high-retainability of the hierarchical mor-
phology (50th cycle, Figure S5, Supporting Information). This 
helps to facilitates continuous fast Na-ions diffusion in longer 
cycles, which is reportedly beneficial to improve the crystal-
line reversibility.[68] Nearing the end of stage III (2nd cycle 
sodiation), the MCS XRD pattern are observed and effectuated 
by the neighboring broad Na2S formation due to commence-
ment of partial bulk-diffusion conversion (38.2° and 39.1° 
respectively, Figure S6, Supporting Information), which clearly 
sees the reduction in intensity of the MCS contribution due to 
more conversion sodiated species with progressing discharging. 
The 2nd cycle results (stage III and IV) also confirm that par-
tial conversion process and full conversion process do not com-
mence until at about 0.8 and 0.52 V (sodiation) respectively, 
which is consistent to the 1st cycle observations (Equations (2) 
and (3)). To provide additional insights of kinetics and charge-
transfer dynamics with sodiation/desodiation, we conducted in 
situ Nyquist impedance dynamics investigations by subjecting 
MCS30 to charge/discharge at specific sodiation/desodiation 
potentials (Figure 4c). The Rct were fitted based on the imped-
ance circuitry (inset of Figure 4c). Open-circuit voltage (OCV) 
state manifest large Rct (751.4 Ω), and decreases to 447.2 Ω at 
full sodiation (stage I) ascribed to the activation process with 
electrolyte wetting (Figure 4d). Desodiation process (stage II) 
manifest pronounced improvement in conductivity (412.7–
137.8 Ω, from 1.5–2.5 V) consistent to the in situ XRD observa-
tions, which is attributed to the dissolution of highly insulating 
Na2S species due to the reverse of conversion reaction at this 
potential window. The decreasing diffusion coefficient is 

Adv. Funct. Mater. 2020, 1909702
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evaluated[69] with progressing desodiation (represented by the 
logarithmic-value of coefficient, −7.086–8.671 cm2 s−1) and is 
ascribed to increasing obstacle of further ionic extraction. At 
the 2nd cycle, the same trend is observed. In overall, the dif-
fusion coefficients are in the range of 10−6–10−9 cm2 s−1 with 
various charge/discharge states, indicating very high diffusion 
capability.

In previous part, the overall redox sodiation/desodiation 
redox dynamics in reference to the charge/discharge pro-
files has been revealed. To further analyze each of these spe-
cific redox reactions’ capacitive contributions and substantiate 
their capacitive inclinations, the cyclic voltammetry (CV) of 

MCS30 is examined by subjecting to various scan/sweeping 
rates (ν, 0.1–5.0 mV s−1). The CV results exhibits consistent 
charge/discharge feature at various cycles indicating very stable 
transport properties and low polarization (Figure 4e). These 
CV profiles are also identical to and have already explained in 
the in situ XRD results. For example, the significant formation 
of reduction (discharge) peaks at 1.3−1.4 V is attributed to the 
intercalation process of Na-ions to the MCS lattice. Partial con-
version/intercalation reaction are shown at CV peaks of 0.8 and 
0.58 V, and that 0.30 V is attributed to the full conversion reac-
tion. These findings are also very similar and able to explain 
the redox reaction of similarly, recent works.[70–72] To examine 
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Figure 4. In-depth redox mechanism and kinetics analysis via in situ methods and examination of capacitive contribution: a) contour plots of in situ 
XRD results in reference to the charge/discharge profiles; b) selective in situ XRD patterns; c) Nyquist impedance spectra of in situ EIS results with 
respect to various charge/discharge states, and the depiction of the equivalent impedance circuitry: Rs, Rf, Rct represents the current collector/electrolyte 
resistance, solid-electrolyte interphase (SEI) resistance and charge-transfer resistance respectively, CPE1/2 are the constant phase element and the 
double layer capacitance respectively. Zw represents the Warburg impedance; d) Logarithmic diffusion coefficient and the Rct data with respect to various 
charge/discharge states, evaluated from the impedance data; e) CV profiles of MCS30 subjected to various sweeping rates (ν, mV s−1), the redox peaks 
are denoted as peak 1–6; f) the overall capacity versus capacitive contribution at 2.0 mV s−1; g) the capacitive contribution of MCS30 at every scan rates.
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the capacitive contribution of each redox peak (1−6), the peak 
values were fitted to evaluate the regression data according to 
the following equation[23,73]

ν=i a b

 (4)

where i is the current density. The b˗values provide the insight 
and quantifies the charge storage mechanism (surface-capaci-
tive b-values high, and diffusive b-values low) of each particular 
redox reaction, and were evaluated at 0.77–0.95 (Figure S7a, 
Supporting Information). The findings indicating that the 
solvated ions mechanism in each redox reaction are driven by 
strong pseudocapacitive-controlled processes. The overall pseu-
docapacitive-contributions at each scan rates were investigated 
by utilizing the Trasatti’s expression[23,73]

ν ν= +1 2
1/2i k k  (5)

Which k1 and k2 represent the surface-like and diffusion-
controlled processes respectively. From the expression, it is clear 
that Equation ((5)) allows the distinctive separated quantifica-
tion of surface and diffusion-based capacitive contribution due 
to their difference in scaling with scan rate ν. In overall, the sur-
face-based capacitive contribution of 87.4–94.1% were evaluated 
with increasing ν (Figure 4f,g). From the results, we established 
that the pseudocapacitance of MCS nanostructure is impres-
sively dominant (Figure S7b,c, Supporting Information) which 
is higher than many of the pseudocapacitive-dominant sulfide 
species previously reported.[33,74–77] We also compare this by 
contrasting to MCS structures without the surface engineered 
treatment (MCS0), which from our previous results indicates a 
general solid-spherical morphology with rather marginal SSA 
(80 m2 g−1). The latter manifest overall high pseudocapacitance 
(52.6–73.4%), which the b˗values of each redox reaction peaks 
are evaluated at 0.59–0.77 (Figure S8, Supporting Information). 
Taking into accounts of the overall morphology, the results sug-
gested outstanding inherent pseudocapacitive potential of MCS 
structure consistent to the theoretical evaluations. In addition, 
the CV results exhibit much different feature profile in com-
parison to MCS30. The different redox features of MCS30 and 
MCS0, i.e., emergence of increasing number of redox peaks 
(from 3 to 6) with each exhibiting strong-pseudocapacitive 
behavior, indicates realistically actuated surface sodiation reac-
tions. These findings proves that the morphological and surface 
enhancement by the surface engineering methods do manifest 
a profound effect in improving and eliciting surface-adsorp-
tion reaction and activating the overall electrochemical redox 
reactions.[15,78]

To elucidate the SIBs performance, all MCS electrodes were 
investigated as half-cell configuration to elaborate first on the 
materials capability. The galvanostatic charge/discharge profiles 
of MCS30 manifest charge/discharge plateaus correspond to 
redox reactions previously discussed, consistent to CV and in 
situ XRD results (Figure 5a). The initial Coulombic efficiency 
(CE) exhibits high value of 76.9%, taking into account of the 1st 
cycle conversion reaction and SEI layer formation. Subsequent 
increasing cycles (to 50th cycle) show excellent capacity retain-
ment (100 mA g−1). As shown in Figure S9a (Supporting Infor-
mation) and comparing to each MCS nanostructures, MCS15 

manifest a slight drop in capacity <50 cycles (92.8 vs 97.9% 
of MCS30). In comparison, MCS0 show drastic degradation 
which less than 1/3 of the capacity remains under the low cur-
rent density. On the other hand, MCS30 profiles with various 
rate of charge/discharge indicates very stable reaction and low 
polarization due to the dominance and stability of surface-based 
transport (Figure 5b). A remarkable specific capacity of 
416 mAh g−1 is achieved at 10 A g−1, indicating outstanding 
and remarkable rate capability. The specific capacity of MCS30 
are at 583, 554, 525, 508, 490, 455, and 416 mAh g−1 (sodiated 
capacity) at 100, 200, 500, 1000, 2000, 5000, and 10 000 mA g−1 
respectively (Figure 5c). In comparison, MCS0 manifest much 
lower capacity which deteriorates rapidly especially at lower 
rates as previously indicated. The cycling performance at high 
charge/discharge rate (1000 mA g−1) is therefore compared 
(Figure 5d). The cycling performance of MCS0 exhibits a very 
sharp decline from 90th cycle onward, to <20 mAh g−1 within 
the 150th cycle (Figure 5d). In stark contrast to MCS15/30, both 
can retain their respective specific capacity at 90.8% and 92.1% 
of initial stable capacity after 800th cycle (Figure 5d and Figure 
S9c, Supporting Information). Under higher rate (2000 mA g−1), 
MCS30 even exhibits remarkable cycling and CE stability at 
>1200 cycles (Figure S10, Supporting Information). For MCS0, 
its relatively inert surface transport properties and the larger 
bulk-inclined diffusive sodiation redox behavior, are indicative 
of inferiority in its electrochemical stability. However, the contri-
bution of morphology of MCS15/30 in enhancing the mechan-
ical robustness of the structure cannot be ruled out. The forma-
tion of scaffolding nature of the nanostructure framework are 
widely reported and proven to be highly effective in mitigating 
volumetric changes during charge/discharge, which the results 
have indicated high retainability of its hierarchical constructs 
after long sodiated cycles as previously discussed (Figure S5, 
Supporting Information).[79–83] In addition, it is also noteworthy 
that the formation of the smaller, nanoscale/hierarchical struc-
ture constraints and restricts Na-ion diffusion dimensions 
which further facilitates more direct ionic diffusion and con-
tributes to better activation of electrode.[84–89] Overall, the rate 
performance of MCS30 fares superior in comparison to sim-
ilar, previously reported bimetallic and transition metal sulfide 
SIBs electrodes (Figure 5e).[38,90–97] In fact considering even for 
the overall the recent and similar works on sulfide (mono and 
bimetallic) anode materials, the half-cell performance from the 
above findings demonstrated superior performance in terms of 
cycling and rate capability (Table S1, Supporting Information). 
The electrochemical kinetics correlation to cycling stability of 
MCS30 were further studied by the EIS impedance dynamics 
with increasing cycles (Figure 5f). As shown in Figure S9d 
(Supporting Information), the evaluated Rct overall decreases 
from 933, 243, 111, 113, 121, 120, and 118 Ω, respectively at 
OCV and from 1st–50th cycle, measured at the end of the des-
odiation (2.5 V). The results indicate that the electrochemical 
kinetics are converging toward stability at higher cycles, indi-
cating strong performance durability and continuous charge-
transfer capability. In addition, the ionic diffusivity, as evaluated 
from the impedance data, is equally impressive and remarkably 
stable with increasing cycles, at 10−9–10−8 cm2 s−1.

Necessitated by the excellent half-cell performance, a proof-
of-concept full cell prototype via employing Na3V2(PO4)3/carbon 
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composite (NVP/C) as cathode were assembled and tested. The 
capacity of the full cell is based on mass loading of both anode 
+ cathode materials as shown in Figure 5g,h (Figure S11, Sup-
porting Information, indicates the performance based on anode 
mass loading). The NVP/C and MCS30 half-cells both mani-
fest reversible specific capacity of 91.0 mAh g−1 at 20 mA g−1,  
and 590.0 mAh g−1 at 100 mA g−1, respectively (Figure S11a, 
Supporting Information). Full cell MCS30||NVP/C were tested 
within the voltage range of 1.0–3.30 V and exhibits very high 
reversible specific capacity at 77.13/73.2 mAh g−1, corre-
sponding to an outstanding initial CE of 94.9% (Figure S11b, 
Supporting Information). The rate and cycling performance of 
the MCS30||NVP/C full cell is equally impressive, which highly 
reversible capacities of 76.5, 73.1, 70.1, 65.9, and 57.3 mAh g−1 
are exhibited at 100, 200, 500, 1000, and 2000 mA g−1, respec-
tively (Figure 5g). The long-term cycling performance 
(200 mAh g−1) also delivers an excellent stability with capacity 
retention at 86.6% (67.5/77.9 mAh g−1, Figure 5h) after  
200 cycles.

3. Conclusion

In conclusion, we have developed a cationic-actuated hydrolysis 
strategy on alkoxide precursors to generate full sodiation poten-
tial of pseudocapacitive materials. The strong Na-ions adsorp-
tion kinetics (one of the reportedly most energetically favorable 
sulfide-based SIBs at −3.65 eV) and the low energy charge-
transfer states (abundance DOS at near EF), contributes to high 
diffusivity and stability (10−8 cm2 s−1 @ 50th cycles), low charge-
transfer resistance (<120 Ω) and indicative of intensive MCS 
intrinsic pseudocapacitive behavior. In situ investigations on the 
redox mechanisms of MCS nanostructures reveals commencing 
of partially bulk conversion sodiation (<0.8 V vs Na/Na+) to fully 
conversion sodiated product (<0.52 V vs Na/Na+), with each of 
redox reactions indicate high pseudocapacitive contributions as 
revealed by capacitive investigations. The surface enhancement 
methodology is proven to be highly efficacious in activating 
the extrinsic pseudocapacitance and therefore is critical in 
the enhancement of overall pseudocapacitive contribution  

Adv. Funct. Mater. 2020, 1909702

Figure 5. Sodium storage performance of the MCS nanostructures: a) charge/discharge profiles of MCS30 at various cycles (100 mA g−1); b) MCS30 
charge/discharge profiles at various charge/discharge rates; c) comparison of rate capability; d) comparison of stability performance and Coulombic 
efficiency measured at 1 A g−1; e) rate performance comparison between this work with recent reported sulfide-based SIBs electrodes (CF: carbon fiber, 
h: holey, C: carbon, rGO: reduced graphene oxide, CNT: carbon nanotube); f) Nyquist impedance plot measured at various cycles, inset depicts the 1st 
cycle data; Full cell analysis based on the total electrode (anode + cathode) mass loadings: g) rate capability; h) cycling performance at 200 mA g−1.
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(94.1 vs 73.4%), and instrumental in mitigating structural defec-
tives resulting in improving and realizing thiospinel sodium 
storage performance (583 mAh g−1 at 100 mA g−1, >1200 cycles 
at 2 A g−1, and 416 mAh g−1 at 10 A g−1). Practically proven 
on full cell applications with remarkable results, our findings of 
utilizing both extrinsic and intrinsic pseudocapacitive enhance-
ment provides a rarely conducted but effective approach in 
maximizing the sodiation potential of materials. The results are 
also strongly evident and indicative of MCS nanostructure pro-
spective viability as high-performance SIBs electrode materials.

4. Experimental Section
Experimental details can be found in the Supporting information.

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