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ABSTRACT: Cu-doped Mn;0, and Mn-doped CuO (CMO@MCO) mixed
oxides with isolated phases together with pristine Mn;O, (MO) and CuO
(CO) have been synthesized by a simple solution process for applications in
electrochemical supercapacitors. The crystallographic, spectroscopic, and
morphological analyses revealed the formation of all of the materials with
good crystallinity and purity with the creation of rhombohedral-shaped MO
and CMO and a mixture of spherical and rod-shaped CO and MCO
nanostructures. The ratio of CMO and MCO in the optimized CMO@MCO
was 2:1 with the Cu and Mn dopants percentages of 12 and 15%, respectively.
The MO-, CO-, and CMO@MCO-modified carbon cloth (CC) electrodes
delivered the specific capacitance (C,) values of $41.1, 706.7, and 997.2 F/g at
S mV/s and 413.4, 480.5, and 561.1 F/g at 1.3 A/g, respectively. This enhanced C, value of CMO@MCO with an energy density
and a power density of 78.0 Wh/kg and 650.0 W/kg, respectively, could be attributed to the improvement of electrical conductivity
induced by the dopants and the high percentage of oxygen vacancies. This corroborated to a decrease in the optical band gap and
charge-transfer resistance (R.) of CMO@MCO at the electrode/electrolyte interface compared to those of MO and CO. The net
enhancement of the Faradaic contribution induced by the redox reaction of the dopant and improved surface area was also
responsible for the better electrochemical performance of CMO@MCO. The CMO@MCO/CC electrode showed high
electrochemical stability with a C; loss of only ca. 4.7%. This research could open up new possibilities for the development of doped
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mixed oxides for high-performance supercapacitors.

B INTRODUCTION

The rapid advancement of nanoscale technologies has
prompted the demand and widespread applications of high-
performance energy storage devices, including portable
electronics, electric vehicles, personal computers, off-grid
homes and inverters, and energy management.1 To date,
significant efforts have been made for constructing high-
performance energy storage devices (e.g., batteries, super-
capacitors, and fuel cells) by developing new nanomaterials,
ideas, and chemistries.”> Among the energy storage
technologies, an electrochemical supercapacitor (ESC) is
widely recognized due to its high power density (Py) and
intermediate energy density (E;) between the battery and
conventional capacitors.”* Additionally, ESC has a long cycle
life, good reversibility, a wide range of operational temper-
atures, and high safety.4 Based on the principles of the charge
storage mechanism, ESCs can be categorized as an electric
double-layer capacitor (EDLC) and a pseudocapacitor.” In
EDLC, energy is stored by reversible adsorption of ions in a
non-Faradaic process.5’6 In contrast, pseudocapacitors store the
charges b;r the Faradaic process occurring at the electrode
surface.’~" Carbon-based materials (e.g, graphene, carbon
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nanotubes, graphitic carbon nitride, etc.)*® are commonly used
electrode materials for the development of EDLCs with high
cycling stability and long lifetime. Nevertheless, the specific
capacitance (C,) of carbon-based EDLCs significantly relies on
the surface area and the pore size distribution of carbon, which
is usually in the range of 78—100 and 109-201 F/g
respectively, for commercial-grade carbons and activated
carbon, while these values are 222.3 and 231 F/g, respectively,
for carbon nanosheets derived from Syzygium cumini leaves and
NaHCOjs-activated nitrogen-doped carbon.”'® This limits the
E4 of EDLCs much lower than that of batteries. Pseudocapa-
citors gained much attention to improve the C, and E,4
comparable to batteries, where the charge is stored into the
surface and subsurface layers of electrochemically redox-active
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Figure 1. (a) Schematic of the synthesis of MO, CO, and CMO@MCO. (b) XRD patterns of as-synthesized MO, CO, and CMO@MCO together
with the simulated XRD patterns of MO and CO. (c) Raman spectra; (d) Fourier transform infrared (FTIR) spectra; (e) Tauc’s plots (the inset
shows the corresponding UV—visible absorption spectra); and (f) TGA plots of MO, CO, and CMO@MCO.

1 1L12 .
materials. *~ The commonly used nanomaterials for the

development of pseudocapacitors are transition-metal oxides
(TMOs) (e.g, MnO,, Mn,O;, Cu,O, RuO,, PbO,, etc.),"”"*
binary transition-metal oxides (BTMOs),"> metal nitrides/
carbides/hydroxides/sulfides, and conducting polymers.”'®~>>

In particular, TMOs are promising and widely investigated
electrode materials for the development of pseudocapaci-
tors.">'* This is due to their low cost, high chemical stability,
and high theoretical C;, while a few of them are toxic and
expensive (e.g, RuO,, PbO,, etc.).”>** However, most of them
exhibit low electrical conductivities and poor electrochemical
cycling stabilities induced by the redox reactions that occur on
the electrode surface.”> For instance, the theoretical C, values
of MnO,, Mn;0,, and CuO are 1233, 1400, and 1783 F/g,
respectively,”*>*” while the electrical conductivities of Mn;O,
and MnO, are in the range from ca. 107 to 107® and 107> to
107 S/cm, respectively, and that of CuO is ca. 7.8 X 107* S/
em.***®*’ These low conductivity values of them mostly limit
the practically obtainable C, values much lower than their
theoretical C, values. For example, the reported C; value of
pristine Mn;O, nanostructures is 210 F/g (at 0.5 A/g),”
which is only ca. 15% of its theoretical C,. Again, the reported
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obtainable C, values of three-dimensional CuO frameworks
and flower-shaped CuO nanostructures were ca. 431 (at 3.5
mA/cm?) and 296 F/g (at 0.7 A/g), respectively.’*’
Additionally, TMOs cannot possess sufficient electroactive
species with multiple oxidation states for improved Faradaic
reactions to obtain high C,.

Numerous strategies have been attempted to enhance the
practical C; values of TMOs by increasing the electrical
conductivity and redox behavior, comprising the synthesis of
BTMOs/mixed metal oxides/ternary metal oxides, controlling
the size and morphologies, and the preparation of composites
with highly conductive materials.">*”**~>* Recently, BTMOs
that showed enhanced pseudocapacitive performance than the
corresponding single-component oxides, including Ni—Co,
Sr—Cu, Mn—Fe, and Mn—Cu oxides, have attracted much
attention.”””®*>*° This can be attributed that the binary metal
ions with multiple oxidation states in BTMOs can exhibit
improved Faradaic redox reactions and high electrical
conductivity, which is beneficial to obtain high C; and
E.>>”” Even if the reported BTMOs can deliver high C;
compared to the single-component oxides prepared under
similar experimental conditions, the C values of these BTMOs
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are significantly lower compared to the theoretical C; values of
single-component oxides. For example, Yuan et al. prepared
Ru—Cr-based BTMOs that delivered the C, only 148 F/g,*’
which is very low compared to the theoretical C, of RuO,
(1400-200 F/g) and Cr;0, (3560 F/g).***" In another
report, Zhu et al. synthesized Mn—Cu-based BTMOs, which
showed the C, of only 422 F/ g.36 The C, values of these Mn—
Cu-based BTMOs are much lower compared to those of the
reported pristine Mn-oxides and Cu oxides.””**” Since
BTMOs exhibited much improved Faradaic redox behavior
than TMOs, the low C; values of them might be due to their
low conductivities. Thus, the development of novel BTMOs/
mixed oxides with high electrical conductivity, multiple
oxidation states, and improved Faradaic redox behavior is of
great importance for the development of high-performance
ESCs.

Doping of BTMOs/mixed oxides is an effective strategy to
enhance the electrical conductivities and C.*”*° This is
because a suitable dopant with an optimized doping level can
form a new energy level within the band gap (E,) of BTMOs/
mixed oxides.*” Doping can induce the formation of crystal
defects by the creation of oxygen vacancies, which can enhance
the net electrical conductivities of BTMOs/mixed oxides as
well as electrochemical performance.””*' Furthermore, dopant
ions itself can undergo electrochemical redox reactions,
contributing to enhancing the net Faradaic contribution in
ESCs.*” Our research group developed Ca- and K-doped Sr—
Cu based BTMOs, which showed improved redox activity and
electrical conductivity upon doping.””*” Concurrently, the Ca-
and K-doped Sr—Cu oxides could deliver the C, values of ca.
308.0 and 438 F/g, respectively, while the C; value of pristine
Sr—Cu oxides was only 14.5 F/g.*”** Considering all of the
above issues, the preparation of controlled morphologies and
suitable dopant-incorporated single-phase or separate-phase
mixed oxides with high theoretical Ci-based single-component
oxides is essential for the development of high-performance
ESCs.

Herein, a Cu-doped Mn;0, and Mn-doped CuO (CMO@
MCO) mixed oxide with separate crystal phases was prepared
by a simple, controllable, and scalable solution process. For
comparison, pristine Mn;O, (MO) and CuO (CO) were also
synthesized under similar experimental conditions. The as-
synthesized MO, CO, and CMO@MCO exhibit good
crystallinity and purity with high oxygen vacancies. The
incorporation of high percentages of Cu** and Mn?>*/3* dopants
in CMO@MCO can significantly enhance the C, and E,4
compared to those of MO and CO. The materials also showed
good capacity retention with low charge-transfer resistance
(R.) at the electrode/electrolyte interface.

B RESULTS AND DISCUSSION

Figure la shows the schematic of the synthesis of MO, CO,
and CMO@MCO (details described in the Experimental
Section). The reaction mechanism for the formation of MO by
reacting MnCl, with NaOH can be described as follows*

3MnC12(S) b 3Mn(aq')2+ + 6Cl(aq.)_ (1)
. _
NaOH,q) = Nagq)" + OHgy) )

3Mn(aq.)2+ + IOOH(aq')_ — 2Mn,0, + SH,0 + 1/20,
(3)

while the reaction mechanism for the synthesis of CO by
reacting CuCl, with NaOH can be presented as follows™**

CuCIZ(aq‘) + NaOH(aq.)

- Cu(OH)Z(S) + Na(aq')+ + Cl(aq.)_ (4)

Cu(OH)Z(S) g CuO(S) + HZO (5)

During the synthesis of CMO@MCO, Cu*" and Mn?*/>* can
be doped into MO and CO, respectively, in three different
ways: (I) substitution of Mn*"3>* by Cu*" in MO and the
substitution of Cu** by Mn**/** in CO, (II) bonding with
oxygen, and (III) as a secondary phase.*’ Figure 1b displays
the X-ray diffraction (XRD) patterns of as-prepared MO, CO,
and CMO@MCO together with the simulated XRD patterns
of MO and CO. The XRD patterns of MO and CO perfectly
match with their simulated XRD patterns. The diffraction
peaks of MO located at 260 angle values of ca. 17.62, 28.53,
31.95, 35.20, 35.70, 38.10, and 43.75° correspond to the
crystallographic planes of tetragonal Mn;O, with the hkl
reflections of (101), (112), (103), (211), (202), (004), and
(220), respectively,”® while the major diffraction peaks of CO
located at 20 angle values of ca. 35.65, 38.75, and 49.05°
resemble the hkl reflections of (110), (200), and (202),
respectively.”' The sharp XRD peaks of both MO and CO are
without the existence of any additional peaks, indicating their
high crystallinity with high purity. In contrast, the XRD pattern
of CMO@MCO exhibits the presence of all of the major peaks
of MO and CO without the existence of any secondary phase
peaks. All of the XRD peaks of CMO@MCO are substantially
shifted to a higher 20 angle values compared to those of MO
and CO, indicating the formation of separate-phase mixed
oxides of MO and CO upon doping of Cu and Mn,
respectively.””*" For example, the 26 angle values of major
diffraction peaks of MO for (211) and (202) planes were
shifted to about 0.40 and 41°, respectively, while this shifting
was 0.45 and 0.30°, respectively, for (200) and (202) planes of
CO. This shifting of the XRD peaks in CMO@MCO can be
ascribed to the decrease of the lattice parameter/unit cell
volume induced by the substitution of Mn**/3* by Cu*" in
CMO and Cu** by Mn?*/3* in MCO.””* Since the ionic radii
of Mn** (70 pm) and Mn** (72 pm) in mixed-valence MO are
similar to the ionic radius of Cu** (73 pm) in CO, the doping
of Cu®** and Mn?*** in CMO@MCO mostly occurs by the
substitution of Mn**/* by Cu®>" in CMO and Cu** by Mn?*/3*
in MCO. However, both Mn?>/** and Cu*' can also be
partially inserted into CMO@MCO by binding with oxygen.
Raman spectra of the compounds were measured for further
analyses of the compositions and crystal structures, as shown in
Figure lc. The Raman spectrum of MO exhibits three
characteristics major band peaked at ca. 303, 365, and 650
cm™, which is close to the reported values of hausmannite
MO." The high-intensity band of MO at 650 cm™' can be
attributed to the A;, symmetric stretching of Mn—O in
octahedral MnOyg units, specifying the formation of MO with
high crystallinity and purity.** The Raman bands of CO
located at ca. 275, 327, and 613 cm™! can be ascribed to the
B,y and B,, vibration modes, resi)ectively.47 These values well
match with the reported results, 7/48 indicating the formation
of CO with good crystallinity. CMO@MCO shows the
characteristics high-intensity A, band of MO at ca. 670
cm™ and A, and B,; bands of CO at ca. 303 and 63§ cm™),
respectively. This blue shifting of the major Raman bands of
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Figure 2. FE-SEM images of (a, b) MO, (c, d) CO, and (e, f) CMO@MCO. EDS elemental mapping of (g) Mn, (h) O, and (i) Cu in CMO@
MCO (the inset shows the elemental weight (%) of Mn, O, and Cu). Insets of (a), (c), and (e) present the photographic images of Tyndall light

scattering experiments of MO, CO, and CMO@MCO, respectively.

MO and CO in CMO@MCO can be ascribed to the local
structure distortion of MO and CO induced by doping.**’
Besides, the intensity reduction with the broadening of the
major peaks demonstrates the occurrence of lattice defects by
the creation of oxygen vacancies.”” These results further
specify the formation of MO, CO, and CMO@MCO with
good crystallinity, which is consistent with the XRD results.

Figure 1d presents the FTIR spectra of MO, CO, and
CMO@MCO. The IR absorption bands of MO at ca. 630,
527,and 410 cm™" correspond to the coupling modes between
the Mn—O stretching of tetrahedral and octahedral sites.*
These stretching vibrations of Cu—O in the CO were located
at ca. 609, 501, and 421 cm™". The FTIR spectra of CMO@
MCO also show similar stretching vibrations of Mn—O and
Cu—O at ca. 625, 515 cm™’. All of the materials exhibit the
common weak band of metal (Mn, Cu)—OH vibration at ca.
1070 cm™' together with weak and strong bands of O—H
vibration arising from the adsorbed water molecules at ca. 1630
and 3450 cm ™, respectively.*”*” No other impurity band was
observed in the materials, indicating the effective synthesis of
MO, CO, and CMO@MCO.

The optical E, was calculated using UV—visible absorption
spectra (inset of Figure le), which were measured after
dispersing the materials in ethanol by sonication. Figure le
shows the Tauc plots of MO, CO, and CMO@MCO, which
revealed the E, values of ca. 2.86, 2.80, and 2.55 eV,
respectively. The decrease in the E, of CMO@MCO
compared to those of MO and CO can be ascribed to the
formation of energy levels inside the E, adjacent to the
conduction band of CMO@MCO, which is consistent with the
reported literature.”’ This result suggests that CMO@MCO
has high electrical conductivity than MO and CO, which is
beneficial to obtain high C,. All of the materials showed high
thermal stability up to 800 °C with the weight loss of only ca.
5.35, 3.5, and 0.1 wt % for MO, CO, and CMO@MCO,

respectively, as shown in Figure 1f. This small percent of
weight loss for MO and CO possibly occurs due to the loss of
chemisorbed or physisorbed water molecules, which is
consistent with the reported results.’>>* The negligible weight
loss for CMO@MCO can be attributed to the higher melting
points of Cu (1085 °C) and Mn (1246 °C) dopants, while
both dopants also possibly act as stabilizing agents for
improving the thermal stability of CMO@MCO.>*> The
Brunauer—Emmett—Teller (BET) surface area (SAggr) was
measured using the BET equation by measuring the N,
adsorption—desorption isotherm (Figure S1). All of the
materials exhibit the IUPAC-classified type-IV isotherms with
the SAgpr values of ca. 41.10, 5595, and 56.0 m?/g,
respectively, for MO, CO, and CMO@MCO.

Figure 2ab shows the field-emission scanning electron
microscopy (FE-SEM) images of MO, which revealed the
formation of homogeneous and uniform-sized, well-defined,
rhombohedral-shaped nanostructures with an average edge
length of ca. 40 nm. Under the similar synthesis process, CO
shows the formation of mixed morphologies of nanoparticles
(average diameter of ca. 25 nm) and nanorod-type structures
(Figure 2c,d). The FE-SEM images of CMO@MCO display
mostly the mixed morphologies of well-defined rhombohedra
and nanoparticles, as presented in Figure 2ef. The nano-
particles size (ca. 20 nm) and the average edge length of the
rhombohedra (ca. 30 nm) were reduced in CMO@MCO
compared to those in MO and CO, which is advantageous to
obtain high surface area and electrochemical performance. The
formation of nanoscale size range MO, CO, and CMO@MCO
was further confirmed by the Tyndall scattering experiments of
their respective dispersed solutions, as shown in the insets of
Figure 2a, ¢, and e, respectively. Figure 2g—i displays the
energy-dispersive X-ray spectrometry (EDS) elemental map-
ping of Mn, O, and Cu, respectively, in CMO@MCO. The
corresponding EDS spectrum is shown in Figure S2. This
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Figure 3. HR-TEM images of (a3, b) MO, (c, d) CO, and (e, f) CMO@MCO. Insets of (b), (d), and (f) show the SAED patterns of MO, CO, and
CMO@MCO, respectively. Magnified calibrated lattice fringes of (g) MO (the inset shows the interplanar spacing of the (211) plane), (h) CO
(the inset shows the interplanar spacing of the (200) plane), and (i, j) CMO@MCO.
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Figure 4. Core-level XPS spectra of (a) Mn 2p, (b) Cu 2p, and (c) O 1s in MO, CO, and CMO@MCO. The open circles and solid lines designate

the experimental and fitted data, respectively.

result indicates the homogeneous distribution of Mn, O, and
Cu with the elemental weights (%) of ca. 32.45, 39.29, and
28.26%, respectively (inset of Figure 2i).

The morphologies of MO, CO, and CMO@MCO were
further analyzed by high-resolution-transmission electron
microscopy (HR-TEM), as displayed in Figure 3a—f,
respectively. All of the HR-TEM images showed transparency
to the electron beam, indicating the formation of non-
aggregated nanostructures. The morphologies, shapes, and
sizes of the nanostructures obtained from the HR-TEM images
well match with the FE-SEM images. The selected area
electron diffraction (SAED) patterns of MO, CO, and CMO@
MCO (insets of Figure 3b,d,f, respectively) displayed bright
spots with bright rings, suggesting the high crystallinity of the
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materials,””*’ and this was consistent with the XRD patterns.

The magnified calibrated lattice fringes of MO (Figure 3g) for
the crystal plane of (211) revealed an interplanar spacing of ca.
0.250 nm, while it was ca. 0.230 nm for CO (Figure 3h) for the
crystal plane of (200). These results well match with the d-
spacing values of MO and CO obtained from the XRD
patterns (0.248 and 0.230 nm, respectively).*”*® The
interplanar spacings of the (211) plane of MO and the
(200) plane of CO were reduced to ca. 0.234 and 0.210 nm,
respectively, in CMO@MCO. The reduction of the interplanar
spacing in CMO@MCO is in good agreement with the shifting
of the XRD peaks, indicating the successful formation of Cu-
doped MO and Mn-doped CO mixed oxides.
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plots of the electrodes.

The elemental compositions and oxidation states of the
materials were characterized by X-ray photoelectron spectros-
copy (XPS) measurements. Figure S3 presents the XPS survey
spectra of MO, CO, and CMO@MCO. The XPS spectrum of
MO shows the existence of characteristics elemental peaks of
Mn 3p, Mn 3s, Mn 2p, and O 1s,”” while CO also exhibits the
presence of the elemental peaks of Cu 3p, Cu 3s, Cu 2p, and O
1s.*" As anticipated, the elemental peaks of Mn 3p, Mn 3s, Mn
2p, Cu 3p, Cu 3s, Cu 2p, and O 1s are present in CMO@
MCO. Additionally, all of the compounds displayed an
additional peak of C 1s, which might be arising from the
ubiquitous carbon contamination. Figure 4a—c shows the high-
resolution XPS spectra of Mn 2p, O 1s, and Cu 2p in MO, CO,
and CMO@MCO, respectively. The unfitted doublet peaks of
Mn 2p;,, and Mn 2p,, in the core-level Mn 2p spectrum of
MO were located at ca. 640.62 and 652.4S5 eV, respectively,
with a separation of 11.83 eV. This larger doublet separation
can be attributed to the weak interaction of different ion
sites.”® The deconvoluted Mn 2p;,, spectrum shows two-
component peaks centered at ca. 640.65 and 643.90 eV,
indicating that the oxidation states of Mn are +2 and +3 in
MO.>® As expected, no obvious Mn 2p peak was observed in
CO, while the unfitted doublet peaks of Mn 2p;/, and Mn
2p,, in the core-level Mn 2p spectrum of CMO@MCO were
located at ca. 640.35 and 652.60 eV, respectively, with a
separation of 12.25 eV. This shifting of the doublet with an
increase of peak separation can be ascribed to the electron
transfer between MO and CO in CMO@MCO induced by the
dopants.”® The deconvoluted Mn 2p;,, spectrum in CMO@
MCO displays two-component peaks located at ca. 640.65 and
643.90 eV, indicating that the oxidation states of Mn ions are
+2 and +3.°° The integral area of the Mn?* component
spectrum was almost unchanged, while the intensity and the
integral area of Mn*" were ca. 15% higher in CMO@MCO
than those in MO. This designates that heterovalent Mn®* is
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the main dopant in CO of CMO@MCO, which is beneficial to
create lattice defects by the creation of oxygen vacancies. The
high-resolution Cu 2p spectrum exhibits the doublet peaks of
Cu 2p3, and Cu 2p,,, which were at ca. 933.40 and 953.10
eV, respectively, in CO, and ca. 933.10 and 953.05 eV,
respectively, in CMO@MCO. The double separation of Cu 2p
in CO was ca. 19.70 eV, while it was ca. 19.95 eV in CMO@
MCO. This 0.25 eV increase of the separation can be ascribed
to the electron transfer between the metal oxide components
and the dopants.”® Additionally, Cu 2p spectra of CO and
CMO@MCO exhibit high-intensity satellite peaks of Cu 2p;/,
at ca. 943.50 and 943.10 eV, respectively, and Cu 2p,,, at ca.
961.74, and 961.75 eV, respectively. This suggests that the
oxidation state of Cu in CO and CMO@MCO is +2.>' The Cu
2p3/, component spectrum was ca. 12% higher in CMO@
MCO compared to that in CO, suggesting the incorporation of
the Cu** dopant in CMO@MCO. The ratio of the integral
areas of Mn 2p;,, and Cu 2p;,, is almost 2:1. No obvious
peaks of Cu 2p were observed in MO. The deconvoluted core-
level spectra of O 1s in MO, CO, CMO@MCO present three-
component peaks. The high-intensity peak at a lower binding
energy of ca. 529.27 eV can be ascribed to the binding energies
of the metal—oxygen bond.”"*” The other low-intensity peaks
at ca. 531.0 and 532.80 eV in all of the samples can be
attributed to the oxygen defect/vacancies and adsorbed H,0O/
0,.*" The intensity ratios of oxygen defects/vacancies were ca.
24, 25, and 45% compared to the intensities of metal—oxygen
bonds in MO, CO, and CMO@MCO, respectively. This high
percentage of oxygen vacancies in all of the materials can
function as active sites for improved Faradaic redox reactions
with high capacitive performance.’” This result further suggests
that doping can enhance the oxygen vacancies in CMO@
MCO, which is in well agreement with Raman observations.
Figure S4 presents the XRD patterns of CMO@MCO
prepared with the reaction times of § and 15 h without altering
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Table 1. Supercapacitive Performance Comparison of Some Reported Metal Oxide Nanostructures with the Current MO, CO,

and CMO@MCO Nanostructured Materials

applied current/scan

electrode materials method electrode system rate C, (F/g) ref
NiCo,0,—NiO nanoflowers CD asymmetric two- 1A/g 82.1 25
electrode
Mn;0, micropillars/walls CD three-electrode 0.5 A/g 210 26
Sry9Cag; Cu, O, nanostructures cv three- three-electrode 047 A/g 308.0 27
electrode
3D nanoporous CuO CD symmetric two-electrode 3.5 mA/cm? 431 30
Ni/CuO nanoplates CD three-electrode 2A/g 535 31
Cu/CuO nanobuds CD three-electrode 0.7 Alg 230 31
Cu/CuO nanoflowers CD three-electrode 0.7 Alg 296 31
Mn90Fel0 oxide (&\% three-electrode SmV/s 255 35
Mn—Cu binary oxides nanostructures cv symmetric two-electrode 0.5 A/g 417 36
Cu-doped Mn;0, hollow structures CD asymmetric two- 1A/g 305 42
electrode
Cr-doped Mn;0, nanocrystals CD three-electrode 0.5 A/g 272 S8
CuO nanosheets CD three-electrode 1A/g 418 60
Ag-doped CuO nanosheets CD three-electrode 10 A/g 299 60
Mn;0, nanoparticles/ MWCNT Ccv three-electrode S mV/s 420 61
composites
MO, CO, and CMO@MCO CVv three-electrode S mV/s 541.1, 706.7, and 997.2, this work
nanostructures respectively
CD 1.3A/g 413.4, 480.5, and 561.1,
respectively
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Figure 6. (a) CD plots of MO/, CO/, and CMO@MCO/CC electrodes at a current density of 1.3 A/g. (b) C, vs current density and (c) E4 vs P,
plots of the electrodes with varying applied current densities compared with those of the other reported materials.

the compositions of precursors, which was prepared for the
optimization of the best-performed electrode. Both the XRD
patterns well match with the XRD pattern of CMO@MCO
prepared with the reaction time of 10 h. Figure Sa shows the
schematic of the fabrication of MO/, CO/, and CMO@MCO/
CC electrodes (details presented in the Experimental Section).
The electrochemical behavior of the modified electrodes was
investigated by cyclic voltammetry (CV) in the KCl(,q) (1 M)
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solution. Figure SS shows the CVs of CMO@MCO-modified
electrodes with the synthesis times of 5, 10, and 15 h. The
CMO@MCO prepared with the synthesis time of 10 h has the
highest discharge current density, which is considered as the
optimal electrode material for further application and
characterization. Figure Sb shows the CVs of MO/, CO/,
and the optimized CMO@MCO/CC electrodes at a scan rate
of 100 mV/s. The CVs of these electrodes at other scan rates
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Figure 7. (a) C, retention vs CD cycles (5000 cycles) plots of the electrodes at an applied current density of 2.5 A/g. (b) Nyquist plots of MO/,
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Randles equivalent circuit model to fit the EIS spectra, where Cy is the double-layer capacitance. The table in the inset summarizes the EIS

parameters of the electrodes before and after CD cycling.

(5—80 mV/s) are shown in Figure S6. The CV curves of the
MO/CC electrode were of a nearly rectangular shape,
consistent with the reported results.*”*® The pseudocapacitive
energy storage mechanism with low redox property of MO can
be explained according to the following proton—electron
transfer reactions (reactions 6—8). Furthermore, the inter-
calation/deintercalation of K* into the tunnels of MO (Figure
S7) is also contributing to the energy storage process.

Mn,O, + 3H,0 + 3H" + 3¢” — 3Mn(OH), (6)
Mn(OH), + H,0 — Mn(OH),” + H* (7)
3Mn(OH),” + H" — Mn,0, + SH,0 + 2¢~ (8)

The redox behavior and the reversibility were enhanced for
both CO/CC and CMO@MCO/CC electrodes with the
anodic and cathodic peak potentials of ca. 0.45 and 0.16 V,
respectively, for the CO/CC electrode, while these values were
ca. 0.63 and 0.11 V, respectively, for the CMO@MCO/CC
electrode. The appearance of well-defined redox peak in both
CO and CMO@MCO can be ascribed to the involvement of
the redox reaction between Cu®* and Cu* according to the
following reaction (reaction 9).** Moreover, the intercalation/
deintercalation of K* into the tunnels of CO (Figure S8) and
CMO@MCO and the redox reaction of the Cu®* dopants
(reaction 10)** in CMO@MCO are also contributing in the
energy storage process.

CuO + 1/2H,0 +e” < 1/2 Cu,0 + OH™ ©)

Cu®* (doped) + ¢~ < Cu* (10)

The discharge current density of all of the electrodes showed a
linear behavior with the scan rates (Figure Sc), demonstrating
a faster charge—discharge (CD) process with good reversi-
bility. From the CV plots, the C; at different scan rates were
measured according to equation SL.” The C; values of the MO/
CC and CO/CC electrodes were ca. 541.1 and 706.7 F/g,
respectively, at a scan rate of S mV/s, which decreased with
increasing scan rates (Figure Sc). This is consistent with the
usual capacitive behaviors of electrode materials.”*”**** The
high C, values of MO/CC and CO/CC electrodes can be
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ascribed to the improved conductivity and redox activity
induced by the oxygen vacancies with enhanced K*
interaction/deintercalation into the tunnels of MO and CO.
The C, was enhanced to ca. 997.2 F/g in CMO@MCO at a
scan rate of S mV/s. This substantial enhancement of C, in
CMO@MCO compared to those in MO and CO and other
reported values of MO and CO nanomaterial-based electrodes
(Table 1) can be attributed to the existence of higher oxygen
vacancies (ca. 47 and 45% higher compared to MO and CO,
respectively), lower surface area, and improved electrical
conductivity with reduced E,. Also, dopants are responsible
for the improvement of C, by enhancing the net Faradaic redox
reaction.

The chronoamperometric CD method was used to analyze
the capacitive performance of the electrodes. Figure 6a shows
the CD plots of MO/, CO/, and CMO@MCO/CC electrodes
at a discharge current density of 1.3 A/g in KCl,qy (1 M). The
CD plots of all of the electrodes at other discharge current
densities (1.5—2.5 A/g) are presented in Figure S9. The CD
plots of the MO/CC electrode showed a nearly linear CD
profile without any IR drop, as consistent with the CV results.
The CD plots of CO/CC and CMO@MCO/CC electrodes
exhibited a nonlinear pseudocapacitive behavior without any
IR drop with a potential plateau near the similar oxidation and
reduction peaks of their respective CVs. The C; of the
electrodes from the CD plots were calculated according to
equation SIL.>* Figure 6b displays the plots of C; vs discharge
current densities. The C; of the MO/CC and CO/CC
electrodes were ca. 413.4 and 480.5 F/g, respectively, at 1.3
A/g. These values were ca. 15.6 and 30.0 F/g, respectively, at
2.5 A/g, which are higher or similar to the reported values for
other MO, CO, doped MO, and doped CO nanomaterial-
based ESCs (Table 1). The higher C; value of CO/CC
compared to that of MO/CC can be ascribed to the higher
electrical conductivity and oxygen vacancy of CO compared to
those of MO. In contrast, the C, values of the CMO@MCO/
CC electrode were ca. 561.1 and 45 F/g at the current
densities of 1.3 and 2.5 A/g, respectively. This substantial
enhancement of the C, value of CMO@MCO than those of
MO and CO can be ascribed to the much higher oxygen

vacancies, higher surface area due to the smaller particle size,
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and improved electrical conductivity of CMO@MCO, which is
consistent with the morphological, E,, and XPS analyses. This
result further suggests that the controlled percentage of doping
in CMO@MCO has a negligible influence on the K*
intercalation/deintercalation into the tunnels of CMO and
CMO, even if doping induces to decrease the size of tunnels by
decreasing the lattice parameter/unit cell volume. The E; and
P, of the electrodes were calculated according to equations SIII
and SIV, respectively.””*’ Figure 6c summarizes the Ragone
plot (E4 vs P;) of all of the electrodes. The Eg4 values of the
MO/, CO/, and CMO@MCO/CC electrodes were ca. 57.4,
66.8, and 78.0 Wh/kg, respectively, with the P4 values of 600.0,
607.1, and 650.1 W/kg, respectively, at a current density of 1.3
A/g. When the Py was close to 1000 W/kg, the E4 values of
these electrodes were ca. 7.1, 10.7, and 15.5 Wh/kg,
respectively. The E; values of these electrodes are much
higher compared to those of reported other metal-oxide-based
electrode materials, as summarized in Figure 6c¢. This result
further designates that CMO@MCO is a promising electrode
material for the commercial development of ESCs with high
E,.

The long-term electrochemical stability of the materials was
evaluated by cyclic CD measurements for 5000 cycles at 2.5 A/
g. Figure 7a presents the C, retention (%) of the MO/, CO/,
and MCO@CMO/CC electrodes as a function of the number
of CD cycles. All of the electrodes exhibit very low C; loss (ca.
5.3, 4.2, and 4.7%, respectively) after the CD cycles, which can
be attributed to their good crystallinity. The little decrease of
C, after CD cycling is perhaps due to the changes in the
volume of the electrodes induced by the repeated redox
reactions during cycling. The cycling stability of the electrodes
was further analyzed by electrochemical impedance spectra
(EIS). Figure 7b shows the EIS plots of the electrodes before
and after CD cycling, and the corresponding EIS parameters
are summarized in a table in the inset of Figure 7b. All of the
EIS spectra display a well-defined semicircle in the high-
frequency region due to the charge-transfer resistance (R) at
the electrode/electrolyte interface and a straight line of
Warburg diffusion (Z,,) in the low-frequency region.””*’ The
very low solution resistance (R;) of all of the electrodes
demonstrate the good adhesion of the materials with the CC
substrate. Before CD cycling, the R, values of the MO/, CO/,
and MCO@CMO/CC electrodes were ca. 29.5, 11.8, and 9.1
Q, respectively, while these values were ca. 30.0, 15.2, and 11.9
Q, respectively, after CD cycling. These small variations in R,
before and after CD cycling designate the high long-term
stability of all of the electrode materials, which is promising for
the development of highly stable ESCs.

B CONCLUSIONS

In summary, Cu-doped MO and Mn-doped CO (CMO@
MCO) mixed oxides with isolated phases together with
pristine MO and CO were prepared by a simple solution
process, exhibiting good crystallinity and purity for applications
in ESCs. The optimized CMO@MCO/CC electrode with the
CMO and MCO ratio of 2:1 and the Cu and Mn dopant
percentages of 12 and 15%, respectively, delivered the C; and
E4 of 561.1 F/g (at 1.3 A/g) and 78.0 Wh/kg, respectively.
However, these values were ca. 413.4 F/g and 57.4 Wh/kg,
respectively, for MO/CC, and 480.5 F/g and 66.8 Wh/kg,
respectively, for CO/CC. The electrochemical performance of
CMO@MCO was much higher or comparable to that of the
reported other MO, CO, doped MO, and doped CO

nanostructured electrode materials. The attained C, of
CMO@MCO was still much lower compared to the
theoretical C, of each component oxide, which could be
further enhanced by controlling the morphologies and
porosities of CMO@MCO. Thus, CMO@MCO is a potential
electrode material for the development of high-performance
ECSs as well as other electrochemical devices, including
batteries and sensors. We believe that this research will guide
the researchers to develop other doped mixed oxides with
mixed or separate phases for ESC applications.

B EXPERIMENTAL SECTION

Chemicals and Measurements. All of the chemicals were
bought from Sigma-Aldrich (St Louis, MO) unless otherwise
specified. Ultrapure water was used throughout the experi-
ments. The details of the instrumentations are described in the
Supporting Information. All of the characterizations of CMO@
MCO described in the main text of this manuscript are
achieved using optimized CMO@MCO with a synthesis time
of 10 h (details of the optimization can be found in the
electrochemical section).

Synthesis of MO, CO, and CMO@MCO. For the
synthesis of MO, a solution of MnCl, (0.06 M) was prepared
in SO mL of water and stirred at room temperature (RT) for 10
min. Then, NaOH (0.20 M) was added to the solution in
stirring conditions at RT, and the mixture was stirred at 80 °C
for 10 h. After completing the reaction, the reddish-brown
precipitate of MO was collected by the centrifugation method,
washed with water and ethanol, and dried in an oven at 100
°C. CO was synthesized by a similar method to MO synthesis
with the CuCl, and NaOH concentrations of 0.04 and 0.20 M,
respectively. The as-prepared dark brown precipitate of CO
was washed with water and ethanol and dried in an oven at 100
°C. For the synthesis of CMO@MCO, mixed solutions of
CuCl, (0.04 M) and MnCl, (0.06 M) were prepared in SO mL
of water and stirred at room temperature (RT) for 10 min.
Subsequently, NaOH (0.20 M) was added into the mixed
solutions in stirring conditions at RT. The reaction mixtures
were stirred at 80 °C for 5, 10, and 15 h. After completing each
reaction, the brownish-black precipitates of CMO@MCO were
collected by the centrifugation method, washed with water and
ethanol, and dried in an oven at 100 °C.

Fabrication of Electrodes and Electrochemical Char-
acterization. The as-synthesized MO, CO, and CMO@MCO
(80 wt % each) were mixed separately with carbon black (15
wt %) and poly(vinylidene fluoride) (PVDF) (S wt %) in 2-
propanol to prepare slurries. The slurries were deposited onto
the carbon cloth (CC, type B-1A, E-TEK) electrodes in an O-
ring confined area and dried at room temperature for 24 h. All
of the electrochemical measurements were performed with a
CHI660C potentiostat/galvanostat (CH Instruments Inc.).
The modified electrodes were used as a working electrode; Ag/
AgCl (sat. KCl) and Pt wire were used as reference and
counter electrodes, respectively. All of the electrochemical
measurements were executed using KCl(aql) (1 M) as an
electrolyte. The electrochemical impedance spectra (EIS)
spectra were measured in the frequency range between 0.1
Hz and 1 MHz with a sinusoidal wave amplitude of 10 mV,
which were fitted by Z-view software (Scribner Associates
Inc.).
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