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ABSTRACT: Sodium-ion capacitors (SICs) bridge the performance gaps between
batteries and supercapacitors by providing a high energy and power density in a
single configuration. As battery-type active materials, sodium preintercalated layered
metal oxides are desirable owing to their unique crystal structure, simple synthesis
process, and high working voltage. However, their poor cyclic stability and low
kinetics limit their application. Herein, we report increased rate capability and cycle
stability achieved by introducing transition metal substitution and surface coating
strategies. By substituting a portion of Ni and Mn with Cu and Mg (the sample
name was denoted as NMCM), the P2—O2 transition which occurs at high voltages
was alleviated. Additionally, a thin and uniform sodium phosphate coating layer
suppressed surface side reactions occurring during charge—discharge processes, as
observed through ex-situ X-ray photoelectron spectroscopy and ex-situ transmission v ®
electron microscopy. Compared to the pristine sample, the capacity improved by

48% at a high current density of 4 A g™'. After 100 cycles, the sodium-phosphate-coated sample (NMCM@P) retained about 90% of
its capacity, whereas NMCM had a capacity retention of 63%. When evaluating the longer stability of SIC full cells, NMCM@P
exhibited an outstanding stability of 71% after 5000 cycles. This was higher than that of NMCM, which retained only 17% of its
initial capacity.
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B INTRODUCTION

As the climate crisis worsens, renewable energy development is
becoming more crucial. To efficiently utilize intermittent

Material selection and surface modification are essential for
improving the relatively sluggish kinetic properties and poor
cyclic lifespan of the battery-type electrode.

renewable energy, it has become essential to develop large-
scale energy storage techniques that store the produced
energy.'~ Although lithium-ion batteries currently dominate
the market, the continuous increase in their price has led to
research into the development of next-generation energy
storage technologies.4_6 Sodium-ion batteries (SIBs) are
considered promising candidates for large-scale energy storage
owing to their abundance and relatively low prices.”*
Additionally, solvated Na ions are smaller than solvated Li-
ions, resulting in lower viscosity and higher ionic conductivity,
thereby exhibiting a faster kinetic performance. However, the
low power density and poor cyclic lifespan of SIBs still limit
their utilization. Supercapacitors, on the other hand, have
excellent cycle stability and high power density but low energy
capacity.”"” Sodium-ion capacitors (SICs), which can have
high energy and power density, are gaining attention as a
potential solution to this trade-off between energy capacity and
power density."'~'® SICs consist of a battery-type electrode
with high energy capacity and a capacitor-type electrode with
high power density.'* Since the two electrodes have different
kinetic properties, the SIC design needs to be optimized.
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Among various SIB cathode materials, many studies have
been conducted on layered oxides because of their easy
synthesis, relatively low price, and good electrochemical
performance.ls’16 Layered oxides, such as NaMO, (M =
transition metal), are generally categorized as the O3 or P2-
type depending on whether sodium ions occupy the octahedral
site or the prismatic site. Depending on the order in which
oxygen is stacked, ABCABC is classified as O3-type and ABBA
as P2-type. The O3 structure exhibits complex phase changes
during charging and discharging by the Na ion hopping
process, whereas the P2 structure is structurally more stable
owing to the direct diffusion of Na ions. Na—Ni—Mn-O (NM)
materials have been studied considerably because of the
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relatively low price of manganese, high theoretical capacity,
and high redox potential of nickel (above 3 V).'"”'® However,
the P2—02 transition, which occurs above 4.1 V, limits the
cutoft voltage of the material and causes capacity fade and poor
cyclic stability. Substitution with inert cations can be an
effective strategy to overcome this limitation by improving the
structural stability and suppressing the Jahn—Teller distortion
and Na*/vacancy ordering. Singh et al. and Hou et al.'”*’
reported the electrochemical performance after replacing Ni
ions with Mg ions in the Na—Ni—Mn-O structure. The
substitution of Ni ions with Mg ions inhibits the P2—O2 phase
transition by stabilizing the reversible OP4 phase during the
charging process and also increases the lattice parameters and
the d-spacing of the diffusion layer to improve cycle stability
and rate performance. Additionally, it has been reported that
the substitution of cations with copper increases the average
discharge voltage while improving structural stability.”" Also,
copper has the advantage of being an abundant and
inexpensive element on earth.

Surface coating is another promising approach for improving
the cyclic stability. A thin Al,O; layer was introduced on the
surface of P2-type Na,/;Ni;;;sMn,,;0, by wet chemistry or
atomic layer deposition (ALD).”* The Al,O, layer suppresses
side reactions that occur during charging and discharging,
minimizing the generation of byproducts and the exfoliation of
active materials. Ramasamy et al. introduced a MgO layer by
solution-free melt impregnation on the surface of P2-type
Nag sNig ,6Cug;Mng 6,0, (NCM).>* They demonstrated that
MgO-modified NCM improves the rate performance at high
current densities because the MgO layer stabilizes the solid
electrolyte interface (SEI) layer and prevents the dissolution of
metal ions. Additionally, surface modification with sodium
phosphate (NaPO,) has several advantages.”* First, abundant
phosphorus resources have the advantage of relatively low
prices. Also, the NaPOj; layer was easily formed via reaction
with the residual sodium source on the surface of the active
material. This layer has a high Na* ionic conductivity, which is
favorable for Na* diffusion. In this study, we introduce two
substitution and surface coating techniques to enhance the rate
performance and cycle stability of the SIB cathode and
fabricate SICs. Also, we analyze the surface of the electrode
after cycling with ex-situ X-ray photoelectron spectroscopy
(XPS) and ex-situ transmission electron microscopy (TEM) to
investigate the effect of the passive layer.

B EXPERIMENTAL SECTION

P2-Type Na—Ni—-Mg—Cu—Mn-O Synthesis and Sodium
Phosphate Coating. P2-type NM and Na—Ni—Mg—Cu—Mn-O
(NMCM) were synthesized by using coprecipitation. Sulfate
compounds of nickel, magnesium, copper, and manganese were
dissolved in distilled water in a molar ratio of 0.15:0.1:0.05:0.7
(Solution 1). Distilled water was used to dissolve the same quantity of
sodium carbonate as the total amount of metals, and ammonium
hydroxide was added to induce precipitation (Solution 2). Both
solutions were dropped into the reaction flask while being stirred
before the reaction at 60 °C for 24 h. The product was filtered and
washed several times with distilled water. The product powder dried
at 100 °C overnight was calcined at 500 °C for S h to prepare
multimetal oxide. The synthesized metal oxide was mixed with
sodium carbonate in a molar ratio of 2:1, and the mixture was heated
to 900 °C and maintained in an airy atmosphere for 24 h to synthesize
P2-type NMCM. For comparison of electrochemical performance,
single-element substitution samples of Mn (denoted as NMM) and
Cu (denoted as NMC) were prepared using the same procedure. To
coat NMCM with sodium phosphate, ammonium phosphate was

added to as much as 10 wt % of the NMCM sample. The mixture was
heated to 190 °C and maintained for 1 h before being heated to 300
°C and maintained for 4 h.

Characterizations. The Na, Mn, Ni, Mg, and Cu contents of the
final product were measured using inductively coupled plasma optical
emission spectrometry (ICP—OES, Optima 8300). The coated
surface of the electrode was analyzed using a time-of-flight secondary
ion mass spectrometer (ToF—SIMS, ION-TOF GmbH, Miinster,
Germany) with a pulsed 30 keV Bi* primary beam and Fourier-
transform infrared (FT-IR) spectroscopy (Spectrum 400, PerkinElm-
er). The structure of the material was characterized using X-ray
diffraction (XRD, Panalytical) in the range 10—100° under step
scanning mode with 45 kV/40 mA, 0.007°/step, and 198 s/step
exposure time. Rietveld refinement of the collected data was
performed by using the TopasS (Bruker Inc.) code. The morphology
of the material was observed by using scanning electron microscopy
(SEM, Hitachi SU-70, Japan) and TEM (TECNAI G2 F20), and the
distribution of each element in the material was confirmed by energy
dispersive X-ray spectroscopy (EDS) elemental mapping. The surface
state of the electrode after cycling was analyzed using XPS (K-
ALPHA"). The electrode was disassembled in a glovebox and rinsed
several times with dimethyl carbonate (DMC).

Electrochemical Measurements. The electrode was prepared by
mixing the active material, carbon black, and poly(vinylidene fluoride)
(PVDF) with N-methylpyrrolidinone (NMP) in a weight ratio of
8:1:1. The slurry was cast on an Al foil and kept in a vacuum oven at
120 °C overnight. The average active material loading of the electrode
was 1.6 mg cm ™2 Electrochemical measurements of all samples were
evaluated by assembling 2032-coin cells. Half cells were prepared by
using sodium metal as a counter electrode and a reference electrode.
Whatman glass fiber was used as the separator, and 1 M NaClO,
mixed with ethylene carbonate and dimethyl carbonate (EC:DMC,
1:1 volume ratio) was used as the electrolyte.

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed using a potentiostat (Bio-Logic
electrochemical workstation, SP-150, France) at room temperature at
a potential window of 1.5—4.3 V, and EIS results were fitted using
ZMAN software. The galvanostatic charge—discharge and cyclic
performance results were collected by using a Won-A-Tech battery
tester (WBCS 3000, Korea). The SIC was prepared using activated
carbon (AC) as the capacitor-type anode, and the ratio of the negative
electrode to the positive electrode (N/P ratio) was evaluated as 1:1,
1:2, and 1:3 weight ratios. Electrochemical measurements of the SIC
were performed in the 0.01—3.0 V range using the same equipment as
the half-cell. The specific energy (E, Wh kg™") and power (P, W kg™")
of the SIC were calculated using the following equations

t
Energy density(E, Whkg™!) = f Ivdt W
f

_ E
P density(P, Wke™') = =
ower density( g ) , )
where t; (s) and t, (s) represent the start and end times of cell
discharge, V (V) is the working potential, I (A g™') is the discharge

current density, and ¢ (s) is the discharge time.

B RESULTS AND DISCUSSION

NM and NMCM were synthesized by using a solid-state
reaction of transition metal oxides with sodium carbonate. The
transition metal oxides were prepared using the coprecipitation
method. Each transition metal precursor was dissolved in a
specific ratio and added to an ammonia solution. The
precipitate was converted to multitransition metal oxides by
heat treatment. The molar ratio of each element in the
synthesized NMCM was calculated using the ICP—OES results
and the formula is NagNig ;Mg 1;CugesMng 60, (Table
S1).
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Figure 2. XRD patterns of (a) NM and (b) NMCM after refinement. (c) Hllustration of NMCM crystal structure. (d) XRD patterns of NMCM and

NMCM@P.

The coating layer was formed by the reaction between a
phosphate source and a sodium source (such as Na,O or
Na,CO;) that was still on the NMCM surface. NH,H,PO,
changed to H;PO, at 190 °C and covered the NMCM surface.
At 300 °C, it reacted with surface residues to form sodium
phosphate.”® In the ToF—SIMS spectra, no peaks of the P* (m
= 30.97), NaPO** (m = 85.96), and PO* (m = 62.97)

54532

fragments of sodium phosphate were detected in the as-
synthesized NMCM (Figure 1a). After coating, however, peaks
of sodium phosphate fragments were detected (Figure 1b),
demonstrating the successful formation of the sodium
phosphate layer on the NMCM surface. Additionally, frag-
ments of Na;PO," and Na,P,0," exhibited strong intensity
after coating (Figure S1). However, these results make it

https://doi.org/10.1021/acsami.3c13351
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Sodium phosphate layer

Figure 3. (a) SEM image of NMCM@P. (b) TEM image of NMCM@P. (c) STEM image of NMCM@P and its element mapping.
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Figure 4. (a) Galvanostatic charge—discharge voltage profiles of NMCM@P at 20 mA g™". (b) Rate capability of NM, NMCM, and NMCM@P.
(c) Cyclic performance of NMCM and NMCM@P at 100 mA g~'. (d) Nyquist plot of NMCM and NMCM@P.

difficult to distinguish materials with similar compositions such
as (NaPO;),, Na,PO,H, and Na PO,. To further analyze the
composition of the coated layer on the surface, FT-IR and
Raman spectroscopy were conducted. As shown in Figure S2a,
the FT-IR spectrum revealed various peaks attributed to
phosphate after coating, including a distinct peak correspond-
ing to P—O—P emerging at 925 cm™'. Moreover, the XPS
spectrum in Figure S2b demonstrated the presence of a
previously reported sodium polyphosphate complex,
(NaPOs),, at approximately 132.6 eV, rather than Na;PO, at

136 eV. Consequently, we concluded that the surface layer is a
composite containing both (NaPOj;), and Na;PO,, rather than
a single component.

The XRD Rietveld refinement patterns of NM and NMCM
are shown in Figure 2a,2b. Each peak is indexed into a P2-type
layered structure with an P6s/mmc space group. Although the
two kinds of ions were substituted, impurity peaks did not
appear, indicating that no impurities were generated during the
synthesis process and the Mg and Cu ions were well
substituted at the Ni position. The illustration in Figure 2c

54533 https://doi.org/10.1021/acsami.3c13351

ACS Appl. Mater. Interfaces 2023, 15, 54530—54538


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c13351/suppl_file/am3c13351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c13351/suppl_file/am3c13351_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13351?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c13351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

4 140 120
a b c
@ [ ] ®© ©
—02Ag" 3F 120 | 100

25F —03Ag" oL 9
—04Ag" 100 =4
— < = 80 3
S 20 Ef £ 4
< E 80 =4
=] € S °
8 s of 2 60 %
s 15 5 g 60 =
> Ot 3 —e—NMCM@P 2
» [ —e—NMCM d40 3
: 2t 40 —s—NMCM@P =
—_— 2mvVs"' s

0.5 3= 5mvs’ 20} 20

——10 mVs"
0.0 4l : ) : ) : ) . A : A 0
0 500 1000 1500 2000 2500 3000 00 05 10 15 20 25 3.0 0 1000 2000 3000 4000 5000
Time (s) Voltage (V) Number of cycles

Figure S. (a) Galvanostatic charge—discharge voltage profiles of NMCM@P//AC. (b) Cyclic voltammetry curves of NMCM@P//AC. (c) Cyclic

performance and Coulombic efficiency at 0.7 A g™

exhibited the crystal structure of NMCM. Sodium-ions
occupied two prismatic sites, which are in face-sharing site
with TMOg (TM = transition metal, e.g., Mn, Ni, Cu, Mg) and
edge-sharing between TMOj octahedra.”” The cell volume was
increased owing to cation substitution because the radii of
Mg** (0.72 A) and Cu** (0.73 A) ions are larger than that of
Ni** (0.69 A) ions (Table S2). After sodium phosphate
coating, no peaks from the coating layer were detected because
the layer was thinly coated on the NMCM surface (Figure 2d).

The microstructures of the NMCM and NMCM@P samples
are shown in Figures S3 and 3a. NMCM had a platelike shape
with an average size of 3—5 ym. For NMCM@P, aggregation
occurred between particles but there was no significant change
in the morphology after coating. The TEM image shows the
formation of a thin and uniform sodium phosphate layer with a
thickness of 15 nm on the surface of the NMCM (Figure 3b).
The EDS elemental mapping shows that the substituted
cations were well dispersed in the particle and phosphorus was
evenly distributed on the surface of the particle (Figure 3c). To
assess the stability of the sodium phosphate layer, we kept the
NMCM@P under air condition for 2 weeks. Subsequent
analyses were conducted to confirm the stability of the surface
layer. As shown in Figure S4, the surface layer remained stable
even after being exposed to air for 2 weeks. Additionally, the
FT-IR analysis results revealed that the spectra for the fresh
sample and the sample after 2 weeks were similar, with no
appearance of additional impurity peaks (Figure SS5).

The electrochemical performance of each sample was
evaluated with a half-cell assembled with Na metal as the
counter and reference electrodes. In the CV curves, the peak
pairs below 3 V are associated with the Mn**/Mn*" redox
reaction, while those above 3 V are associated with the Ni**/
Ni*" redox reaction (Figure S6). Galvanostatic charge and
discharge (GCD) curves of NM and NMCM are shown in
Figure S7. Several voltage plateaus appeared in the charge—
discharge curves of the NM sample, indicating redox reactions
of transition metals. The plateau around 4 V is caused by the
P2—02 phase transition of the Na—Ni—Mn-O materials and
the glide and expansion of the transition metal layers.”® The
plateaus between 3 and 3.9 V and below 2 V are associated
with the redox reaction of Ni ion and Mn ion due to Na
intercalation/deintercalation. It is worth noting that Mg and
Cu substitution caused the structure to be stable and plateaus
above 3 V to be smooth in the GCD curve of the NMCM
sample. Additionally, after sodium phosphate coating, there
was no change in the NMCM GCD profile (such as an extra
plateau and overpotential) (Figure 4a). Figures 4b and S8a
show the rate performance of each sample. NMCM@P
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exhibited specific capacities of 127, 121, 110, 98, 81, 67, 56,
and 48 mAh g_1 at current densities of 0.05, 0.1, 0.2, 0.5, 1, 2,
3, and 4 A g7, respectively. NMCM@P showed better rate
capabilities than NM, NMM, NMC, and NMCM, and a
detailed analysis will be discussed later. The capacity retention
of each sample was evaluated at a current density of 0.1 A g™
(Figures 4c and S8b). After 100 cycles, NMCM retained about
63% of its initial capacity, whereas NMCM@P retained about
90% of its initial capacity. The resistances of NMCM and
NMCM@P can be compared using the EIS analysis results
before and after the cycle (Figure 4d). Rs represents the ohmic
resistance in the high-frequency region, including the
resistance of the electrolyte and the contact resistance of the
material. In the high to midfrequency range, R1 and C1 stand
for the resistance and capacitance of ion transfer within the SEI
film, respectively. The subsequent semicircle in the middle-
frequency spectrum is related to the charge transfer resistance
(R2) and the capacitance of the double layer (C2). Finally, the
Warburg impedance (W), which is associated with the
diffusion of sodium ions, is depicted as a sloping line in the
low-frequency range. Comparing the resistance caused by the
SEI layer before and after the cycling, the resistance for
NMCM@P increased from 98 to 200 €2, while for the pristine
NMCM, it increased more significantly from 112 to 290 Q.
This increase is thought to be due to the suppressive effect of
the sodium phosphate layer on the formation of the SEI layer.
The resistance difference is discussed more in-depth using full
cells. Consequently, the synergic effect of Mg and Cu
substitution and the sodium phosphate layer could improve
the electrochemical performances of NMCM@P.

SIC full cells were assembled by using NMCM and
NMCM@P as a cathode and AC as an anode. The half-cell
performance of AC was measured with same electrolyte in the
range of 0.01—2.7 V and is shown in Figure S9. To balance the
capacity of the anode and cathode, the GCD of the SICs was
measured at various weight ratios of the anode and cathode
materials, and SICs with a weight ratio of 1:1 showed better
rate capability than those with other weight ratios (Figures Sa
and S10). As shown in Figures Sb and S11, the shape of the
CV curves was almost rectangular, indicating an energy storage
mechanism corresponding to the nonfaradaic capacitive
reaction and faradaic sodium-ion intercalation/deintercalation
reaction. The performance improvement with a sodium
phosphate coating was prominent in long-term cyclic stability
measurements (Figures Sc and S12). After S000 cycles at 0.7 A
g~!, NMCM had only a 17% retention, whereas the NMCM@
P, which used a 10% weight ratio of ammonium phosphate,
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Figure 6. TEM images of NMCM (a, b) and NMCM@P (c, d) after S000 cycles.

showed an excellent stability of approximately 71 with 99.5%
Coulombic efficiency.

To understand the reasons for the improvement in long-
term cycle stability, we analyzed the properties of the electrode
materials before and after cycling. After cycling, the surface
morphologies of the NMCM and NMCM@P electrodes were
observed by TEM (Figure 6). The surface of NMCM was
damaged, and insulating byproducts such as Na,CO;,
RNaCOj;, and Na,O were formed on the surface. Compared
with bare NMCM, the coated NMCM@P had a smooth
interface without apparent damage and byproducts on the
surface, meaning that the sodium phosphate layer could
protect the surface of the active materials and inhibit the
byproduct formation. To identify components of CEI layer, ex-
situ XPS analysis of the electrode surface was conducted after
cycling. As shown in Figure 7ab, the carbon and oxygen
spectra can be deconvoluted into several peaks. The two peaks
at 284.6 and 283.15 eV shown in the C 1s spectrum
correspond to C—C and C—H bonds, respectively. Further-
more, the peak at 529.6 eV in the O 1s spectrum is attributed
to the M-O peak, indicating the presence of metal oxides.
Notably, the peaks at 287.95 and 286.10 eV observed in the C
Is spectrum are associated with C=O and C—O bonds,
respectively. These correspond to the peaks at $31.1S and
534.20 eV in the O 1s spectrum, suggesting the presence of
CEI components such as Na,CO3;, RNaCO;, and Na,0.”*
These byproducts produced on the surface of the active

material significantly impact the resistance of the material. This
can be confirmed using EIS analysis. The Nyquist plots of each
sample before and after cycling are shown in Figure 7¢,7d. The
charge transfer resistance before the cycle was smaller in
NMCM@P than in NMCM, and the difference in the
resistance became more prominent after the cycle.

The energy and power densities of the SIC using NMCM@
P were calculated based on the GCD result and the total mass
of the cathode and anode electrodes. NMCM@P//AC showed
a maximum energy density of 55 Wh kg™ and a maximum
power density of 3000 W kg™'. This electrochemical
performance is compared in the Ragone plot (Figure 8).
NMCM@P//AC had not only higher energy density and
power density compared to other SICs and LICs using battery-
type cathode, including P2—Nay4,CoysMngsO,//ZIF-8,”
Na,,MnO,//AC,*” LiNi, {Mn, ;O,//AC,” LiMn,0,//AC,**
and MCM//AC,* but also showed results comparable to
those achieved using battery-type anodes.”* > As shown in
Figure 8b, the NMCM@P//AC SICs demonstrate a perform-
ance intermediate between a battery and a capacitor, serving as
a potential candidate to bridge the gap between these two
distinct devices.

B CONCLUSIONS

In summary, we combined two strategies—substitution with
Mg and Cu and surface coating with sodium phosphate, to
enhance the rate performance and cycle stability of NM. Mg
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Figure 8. Ragone plot of NMCM@P//AC compared with (a) previously reported SICs and (b) different types of energy storage devices.

and Cu substitution stabilized the structure at a high voltage.
Also, a sodium phosphate layer coated by simple melt
impregnation was clarified using ToF—SIMS. This layer
protected the surface of the active materials from damage
while suppressing byproduct formation. As a result, the
assembled SIC based on NMCM@P and AC showed better
energy density, power density, and cyclic stability than those of
other SICs using battery-type cathodes.
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