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Diamond-Based Supercapacitors with Ultrahigh Cyclic
Stability Through Dual-Phase MnO,-Graphitic
Transformation Induced by High-Dose Mn-lon Implantation

Sujit Deshmukh,* Srinivasu Kunuku, Pawel Jakobczyk, Adrian Olejnik, Chien-Hsu Chen,
Huan Niu, Bing Yang, Nianjun Yang,* and Robert Bogdanowicz*

While occasionally being able to charge and discharge

more quickly than batteries, carbon-based electrochemical supercapacitors
(SCs) are nevertheless limited by their simplicity of processing, adjustable

1. Introduction

The growing demand for energy genera-
tion and storage in electronic gadgets, elec-

porosity, and lack of electrocatalytic active sites for a range of redox reactions.
Even SCs based on the most stable form of carbon (sp? carbon/diamond)
have a poor energy density and inadequate capacitance retention during long
charge/discharge cycles, limiting their practical applications. To construct

a SC with improved cycling stability/energy density Mn-ion implanted
(high-dose; 10'°-10'7 ions cm~2) boron doped diamond (Mn-BDD) films have
been prepared. Mn ion implantation and post-annealing process results in an
in situ graphitization (sp? phase) and growth of MnO, phase with roundish
granular grains on the BDD film, which is favorable for ion transport. The dual
advantage of both sp? (graphitic phase) and sp* (diamond phase) carbons
with an additional pseudocapacitor (MnO,) component provides a unique and
critical function in achieving high-energy SC performance. The capacitance of
Mn-BDD electrode in a redox active aqueous electrolyte (0.05 M Fe(CN)3/4-
+ 1 M Na,S0O,) is as high as 51 mF cm~2 at 10 mV s~ with exceptional
cyclic stability (~100% capacitance even after 10 000 charge/discharge

cycles) placing it among the best-performing SCs. Furthermore, the ultrahigh
capacitance retention (~80% retention after 88 000 charge/discharge cycles)
in a gel electrolyte containing a two-electrode configuration shows a promising
prospect for high-rate electrochemical capacitive energy storage applications.

tric cars, and other applications empha-
sizes the need for high-capacity/energy-
storage devices.['2] Supercapacitors (SCs)
also known as ultracapacitors, or electro-
chemical (EC) capacitors are the emerging
class of energy storage devices that stored
energy in the form of electrical double-
layer capacitor (accumulation of charge
across the electrode-electrolyte interface)
or pseudocapactor (charge transfer across
the electrode-electrolyte interface). As com-
pared to batteries, SCs have higher power
densities, quicker charging-discharging cy-
cles with longer lifetimes, a wider range
of working temperatures, and improved
safety.3] To attain a high capacitance from
SCs, the electrode material must be elec-
trically conductive, electrochemically sta-
ble, and have a large specific surface area.
In this context, sp? carbon-based material
with diverse dimensionality (ranging from
0 to 3D), shapes, and size distribution have
been dominating over the last two decades

due to its widespread availability and large
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specific capacitance.l**! However small overpotential for oxygen
and hydrogen evolution reaction in aqueous solution reduces the
working potential window of such SCs within ~1.23 V which lim-
its the energy storage performance significantly.[>¢! Therefore, in
order to develop a stable SC, the synthesis of proper electrode ma-
terials is thus highly demanded.

Boron doped diamond (BDD) is a promising sp? carbon ma-
terial to construct electrical double-layer capacitors (EDLCs).["!
Apart from its general advantages, such as chemical inert-
ness/stability, and high thermal conductivity, it has unique EC
features, such as a large potential window in both aqueous and
organic electrolytes, resulting in high energy and power density
SCs. For example, K. Honda et al. showed 1st time to construct
EDLC using nanoporous honeycomb diamond electrodes in both
aqueous and organic electrolytes.!®] The working potential win-
dow was 2.5 V and 7.3 V in aqueous and organic electrolytes
respectively, which is substantially greater than that of sp? car-
bon electrodes such as activated carbon, glassy carbon, graphite,
etc.®-1% However, the low surface area of a conventional planar
BDD restricts its application in the realm of energy storage.l'!]
To improve the capacitance of BDD the alternative approach is
to combine BDD with a pseudocapacitive material or enlarge the
surface area by creating micro/nanostructures on BDD.[1215]

Manganese oxides (MnO,) is a long-standing material of
interest for EC energy storage which involves both double-
layer charging and change in Mn redox state corresponding to
pseudocapacitance.l'®17] MnO, has a long history as an elec-
trode material for energy storage devices due to its low cost and
non-toxicity.['®! The theoretical specific capacitance of MnO, is
~1370 F gy.0, * based on one-electron transfer redox reaction,
although this high value can only be attained practically for ul-
trathin MnO, film or nanosized particles.['®! Another key weak-
ness of this transition metal oxide is its limited electrical con-
ductivity. To effectively utilize the MnO, material, one interesting
approach is the integration of nanosized MnO, with conductive
carbon framework. The use of MnO, in combination with sev-
eral types of carbons, such as carbon nanotubes, activated carbon,
and conductive diamond, resulted in a considerable performance
improvement.['-2!l The reported enhancement, however, is only
evident for a small amount of metal loading on the carbon elec-
trode since the high mass loading of MnO, significantly reduces
the material’s theoretical advantage and eventually yields a rela-
tively low specific capacitance value.”?] Therefore, limited load-
ing of MnO, on carbon framework remains a major challenge.

Ion implantation is a powerful and efficient technique that has
been used for controlled doping of transition metal ions into the
diamond lattice to modulate their electrical characteristics. Metal
ion irradiation not only creates different color center defects on
diamond lattice but also breaks the C-C (sp®) bond to form ad-
ditional sp? bonded carbons.[?>?*] This facilitates an additional
electrical conduction pathway across the interconnected grain
boundary of diamond lattice. Additionally, high-energy metal
ion irradiation creates nano/microstructures or pores on the di-
amond surface which can improve the electrolyte contacts in
the ion-accessible surface area of SCs.[** Furthermore, Mn ion-
implanted diamond with post-annealing treatment can create
graphitized carbon at the diamond grain boundaries and could
be a promising approach to prepare a high-performance SC elec-
trode.
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In the present work, the combined effect of Mn ion implan-
tation on microwave plasma enhanced chemical vapor deposi-
tion (MWPECVD) grown BDD surface and subsequent post-
annealing effect on their EC SC performance was investigated.
Here Mn ion implanted BDD (Mn-BDD) films were prepared
by high dose (10°-10Y ions cm™2) Mn ion implantation into
MWPECVD-grown BDD films. The post-annealing treatment re-
sulted in a significantly different granular BDD surface (as de-
scribed in SEM image analysis) consisting of graphitized carbon
atthe diamond grain boundaries and the appearance of the MnO,
phase (confirmed through XPS analysis), both of which are bene-
ficial for capacitive energy storage.?22*] The prepared electrodes
were used as an SC in aqueous electrolyte, redox species con-
tained aqueous electrolyte and solid-state gel electrolytes as well.
The synergistic combination of MnO,, exceptional EC stability of
diamond lattice, and controlled growth of nanographitic phase at
diamond grain boundaries resulted in a high specific capacitance
of 51 mF cm~2 at 10 mV s~ (redox active aqueous electrolyte) and
provided ultra-high cyclic stability (80% retention after 88 000 cy-
cles) in two-electrode configuration, making the electrode very
promising for EC energy storage application.

2. Results and Discussion

2.1. Characterization of Mn lon-Implanted Boron Doped
Diamond Films

The schematic diagram of Figure 1a represents a BDD film pre-
pared on Si substrate (experimental details are given in sup-
porting information), Mn ion implantation on the BDD film
(Mn-BDD), and post-annealed treatment (Mn-BDD,,) to trans-
form the surface to granular structure. Scanning electron mi-
croscopy (SEM) analysis of the BDD thin film’s surface morphol-
ogy (Figure 1b) revealed faceted grains with a size range of 300-
500 nm (Thickness of the film ~600 nm) due to high B dop-
ing concentrations B/C ~10 000 ppm./?>] The uneven grain sizes
of BDD thin films are due to the secondary nucleation caused
by high boron doping concentration.?*?”] The impact of high-
dose Mn ion implantation (10"°-10" ions cm™2) was observed
by analyzing the surface morphology of as-implanted Mn-BDD
thin films (Figure 1c). The sharp edges of faceted grains of Mn-
BDD thin films were diminished by the bombardment of the im-
planted Mn ions. The penetration depth (d,) was estimated us-
ing Stopping and Range of Ions in Matter simulations. Figure S1
(supporting information file) depicts the Mn-ion distribution at
an implantation energy of 200 keV and the d, value of 90 nm
with straggle of 21 nm. The impact of implanted Mn ions causes
damage to surface morphology, crystalline nature, and bonding
characteristics of BDD thin films.[* The high dose ion implan-
tation is similar to thin film deposition because all the implanted
ions might not be inserted into diamond films/diamond lattice,
as a result, a fraction of implanted Mn ions would be placed
on the surface of BDD thin films.[?*?8] The post-annealing pro-
cess has instigated a significant change in the surface morphol-
ogy and bonding characteristics of Mn-BDD thin films. First,
the faceted BDD grains were transformed to irregularly shaped
small grains of 50-100 nm size and the continuous Mn-BDD
thin film has been converted to a porous structured material
(Figure 1d).
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Figure 2 represents the optical image of BDD, Mn-BDD, and
Mn-BDD, captured by a confocal laser scanning microscope
(CLSM). The topography is displayed together with a 2D and
3D CLSM false-color image maps in which the various colors
correlate to the various height profiles of the films. Different
height profiling was carried out to calculate the average surface
roughness of these films. The average surface roughness (Rq)
of the BDD, Mn-BDD, and Mn-BDD,, films wwas calculated as
0.4, 0.281, and 0.103 um respectively. With ion implantation and
subsequent air annealing, the diamond surface gets smoother.
On the diamond surface, Ar ion bombardment had a similar
effect.?”30 When the energy of the Mn ions exceeds the atomic
displacement in the structure, few ions are very likely penetrated
to the interior into the diamond, and the ions energy tends to dis-
sipate into the large volume of the diamond interior. This process
results in less surface diffusion of defects and a denser structure
with higher compressive stresses and smoother surfaces.[2%30]
The same is witnessed in the SEM images as well, the sharp edges
of faceted BDD grains were diminished by the implanted Mn
ions which results in a much smoother surface. Further anneal-
ing process transforms the Mn-BDD grains to irregularly shaped
small grains (below 100 nm sizes) and apparently, Mn-BDD,
film shows the lowest surface roughness due to the formation of
nano-sized granular grains as evidenced by SEM images as well.
The efficacy of the EC reaction is significantly influenced by the
formation of nanoclusters in Mn-BDD, (discussed later).

The growing disorder and the types of defects induced on the
BDD surface due to Mn ion incorporation are further analyzed
by Raman spectroscopy and X-ray diffraction (XRD) studies. Ra-
man spectrum of BDD thin film (Curve I. in Figure 3a) illus-
trating a sharp and intense first order Raman resonance peak
~1328.36 cm™! with full width at half maximum ~15.2 cm™!,
demonstrating the sp® hybridization of carbon of diamond
phase.l’132] In addition, a broad band centered at 1230 cm™! is at-
tributed to the boron incorporation into the diamond lattice, im-
purity band formation, and Fano interference.3*341 However, this
broad-band is not associated with the presence of sp? carbon.[33!
Another broad band centered ~#1550 cm™! is attributed to the G-
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Figure 1. a) Schematic diagram of the formation of graphitic carbon with Mn impurities on the diamond surface during the production of granular Mn
ion implanted BDD films. SEM images of b) as-grown BDD, c) as-implanted Mn-BDD, d) annealed Mn-BDD thin films (Scale bar ~500 nm).

band of sp? hybridization of carbon.3*] The Raman spectroscopy
results confirm the presence of non-diamond carbon phases in
BDD films at grain boundaries due to high boron doping (B/C
~10 000 ppm), which leads to secondary nucleation and the for-
mation of a large number of grain boundaries.[®) Amorphiza-
tion [formation of amorphous carbon (a-C)] of Mn-BDD surface
is observed from the Raman spectrum of as-implanted Mn-BDD
(Curve I1. in Figure 3a), the impact of high dose, high energy, and
large mass Mn ions on BDD surface lead to the lethal damage to
formation of amorphous carbon.!?*] As aforementioned, the im-
planted Mn ions are distributed up to 90 nm depth and the amor-
phization is evident in Mn-BDD thin films up to the thickness of
90 nm.

Subsequently, annealing causes the oxidation of Mn clusters
on the Mn-BDD surface resulting in the formation of manganese
oxide nanoparticles. In addition, the annealing leads to the con-
version of a-C to nanographite (Curve III. in Figure 3a) by the
catalytic effect of Mn-ions of Mn-BDD thin films.[?#3637] An-
nealed Mn-BDD thin film showing a broad Raman resonance
peak at 1332.26 cm™! (Curve III. in Figure 3a) is attributed to
first order Raman resonance peak, however, the Raman peak
is much broader compared to the as-grown BDD (Curve I. in
Figure 3a), which indicates the formation of nanocrystalline
diamond particles.?®3! In addition, a shoulder peak to the
first-order Raman resonance peak has appeared at 1355 cm™!
(Figure 3a), which corresponds to the disordered carbon (D-
band).[*) The existence of graphitic (sp?) carbon phase by the
annealing of Mn-BDD was evidenced by the broad Raman reso-
nance peak centered at 1591 cm™! of G-band (Figure 3a), demon-
strating a shift from 1550 cm™ (as-grown BDD) to 1591 cm™
(annealed Mn-BDD). The observed blue shift of the G-band in
annealed Mn-BDD is owing to the formation of the nanographite
phase and stress in the samples.[*?]

The X-ray diffraction pattern analysis results of BDD, Mn-
BDD, and annealed Mn-BDD samples were shown in Figure 3b.
Curve I in Figure 3b depicts the XRD pattern of BDD thin
films, which reveals an intense peak centered at 26 = 44.3° at-
tributed to {111} and a small peak ~26 = 75.3° corresponding
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Figure 2. Confocal laser scanning microscope optical image and corresponding false color 2D and 3D image maps of (a,b,c) as-grown BDD, (d,e,f)
as-implanted Mn-BDD, and (g,h,i) annealed Mn-BDD thin film. Scale bar ~50 pm.

to {220} planes of polycrystalline diamond.['*32] The interplanar
spacing of diamond 111 plane (d,;;) is 0.209 nm, as observed
previously.'*] The high intensity of {111} planes is due to an in-
crease in the number of {111} faceted grains by the inclusion of
the high boron dopant in diamond growth plasma.[*!l The sur-
face morphology and Raman spectroscopy results revealed a sig-
nificant impact of the implantation and annealing process on
Mn-BDD samples. However, the crystallinity of Mn-BDD and
annealed Mn-BDD does not alter due to implantation and post-
annealing process, which is confirmed by observing the charac-
teristic crystalline planes {111} at 260 = 44.3° and {220} at 26 =
75.3° for Mn-BDD (curve II in Figure 3b) and annealed Mn-BDD
(curve III in Figure 3b) samples. Crystallite size of BDD, Mn-
BDD, and Mn-BDD,, films were also calculated using Scherrer
Equation (1).

KA

D= 5coso M

where k is a constant (k = 0.94), 1 is the X-rays wavelength
(1.54 A), g is the full width at half maxima, and 6 is half of the
diffraction angle. The crystallite size was calculated as ~22 nm,
~19 nm, and ~17 nm for BDD, Mn-BDD, and Mn-BDD, re-
spectively. A systematic reduction of crystallite size is demon-
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strated here through Mn ion implantation and post-annealing
treatment.

Although the regions of MnO, clusters are present in the Mn-
BDD and Mn-BDD, films (as evidenced in XPS), they are not
detected in XRD measurement. This is likely because MnO, par-
ticles have amorphous nature and their atomic percentages are
too low in comparison to sp* carbon.[*?]

The carbon-to-oxygen atomic ratio (C/O) was quantitively cal-
culated from the XPS survey scan graph (Figure S2, Supporting
Information). The post-annealing treatment on the Mn-BDD film
had a considerable impact on its surface oxygen groups as a result
the Mn-BDD, has the lowest C/O ratio of 6.2 when compared
to BDD (C/O ~20) and Mn-BDD (C/O =7.3). The results imply
that a large number of oxygenated groups were introduced on
the Mn-BDD surface during annealing process which led to the
higher sheet resistance of Mn-BDD, surface (discussed in the
next section). To clarify it further, the XPS of BDD thin films were
collected and deconvoluted high-resolution C 1s, Bls, and O 1s
lines are shown in Figure 4a—c, respectively.

The deconvoluted C1s core line of BDD thin films consists of
four peaks (Figure 4a), which are centered at 285.1 eV from C—C
bonding of C-sp? carbon (39.5%), 284.8 eV from C=C bonding
of C- sp? carbon (53.9%), 286.4 eV from C—0O/C—OH (4.6%),
and 283.47 eV for B-C sp’ carbon (1.8%).1*%1 XPS results of
Cls are revealing the presence of a high amount of C-sp? carbon
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Figure 3. a) Raman spectrum of |. as-grown BDD, Il. as-implanted Mn-BDD, Ill. annealed Mn-BDD thin films, b) XRD pattern of I. as-grown BDD, II.

as-implanted Mn-BDD, Ill. annealed Mn-BDD thin films.

than C-sp® carbon, residual C—O/C—OH components and sp?
carbon of B-C. Figure 4b depicts the deconvoluted Bls peaks at
188.8 eV for B- sp® carbon and 186.5 eV for B- sp® boron con-
firming the successful boron doping of BDD thin films.[**! The
deconvoluted O1s spectrum of BDD thin films (Figure 4c) indi-
cates two types of oxygenated groups at 532.4 eV and 533 eV for
C=0 and C—OH/C—O, respectively.***¥] High-resolution XPS
of the C1s spectrum of Mn-BDD thin films is shown in Figure S3

(Supporting Information). The main constituents of deconvo-
luted Cl1s core line of Mn-BDD thin films centered at 285 eV
for C—C bonding of C—sp?® carbon (44.6%), 284.6 eV from C=C
bonding of C- sp? carbon (32.9%), 286.8 eV from C—O/C—OH
(14.8%) and 288 eV for C=0O (1.8%). The fraction of sp® car-
bon has been increased from 39.5% (BDD) to 44.6% (Mn-BDD)
due to the formation of amorphous carbon (mixture of sp®/sp?)
in the as-implanted Mn-BDD by ion implantation. In addition,

— — Al
a. 3 b.5| Bis ss| ©C-3|01s
. . ©
2 s e = c-o0
E ‘? E C-O/C-OH
[72] (7]
c < V\, g
8 g 8
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d. s |C1s e.5| Ols f.
L) i Mn-OH/C=0
.és é, C-0O/C-OH
[/
4 4
2 2
£ £

286 284 282 280

2%Birz':aing energy (eV)

536 534 532 530 528

mBinding Energy (eV)

Binding Energy (eV)

. Intensity (a.u.)

0 650 640
Binding energy (eV)

Figure 4. XPS deconvoluted curves of as-grown BDD: a) Cls spectra, b) B1s spectra, c) OTs spectra. XPS deconvoluted curves of annealed Mn-BDD:

d) Cls spectra, €) O1s spectra, f) Mn 2p spectra.
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carbonyl group C = O centered at 288 eV (7.6%) and enhanced
carboxyl group C—O/C—OH (14.8%) was observed for Mn-BDD
samples. Figure 4d shows the XPS spectra of the C 1s line of
annealed Mn-BDD thin films, which are further deconvoluted
into five peaks centered at 285 eV for C—C bonding of C-sp? car-
bon (45%), 284.7 eV for C=C bonding of C- sp? carbon (36.3%),
286.6 eV of C—0O/C-OH group (12.5%), 288 eV of C=0 group
(3.1%) and 289 eV of O—C=0 (2.9%) group.***! The forma-
tion of oxygenated groups like carbonyl/carboxyl groups was en-
hanced by the annealing process.

Further, the XPS of Ols spectra of annealed Mn-BDD thin
films (Figure 4e) were acquired and further deconvoluted into
three peaks cantered at 530 eV corresponding to the lattice oxygen
(Ot O, 2~/ Mn—O—Mn); and the other two peaks correspond
to the Mn—O—H/C=0 (~531.7 eV) and C—OH (~533.3 eV)
respectively, 4481 [4950] The deconvoluted O1s spectra of Mn-
BDD are displayed in Figure S3 (supporting information) where
we observed only two oxygen-containing species namely, lat-
tice oxygen (Oy,: O, >°/ Mn—0O—Mn) and surface adsorbed
oxygen.[*] The relative intensity of Oy,,, in Mn-BDD, is ~26%,
whereas it is only 6% for the Mn-BDD sample.

The binding energy of XPS Mn 2p core-level spectra is fitted
with dominant peak ~642 eV (Mn 2p;,)/~653 eV (Mn 2p, ,) and
small shoulder peaks ~641 eV (Mn 2p;,)/~652 eV (Mn 2p,,)
corresponding to the Mn** and Mn?* states respectively.[*>=]
This indicates the formation of multivalent Mn ions coexisting
in the Mn-BDD,; films. Nevertheless, the atomic ratio of Mn**
and Mn** is ~85% and ~15% respectively. The result indicates
the MnO, phase predominates in the Mn-BDD,, films. Mean-
while compared to MnO, phase-dominated Mn-BDD,,; films
the positive shifts of Mn 2p peaks are observed for Mn-BDD
films (Figure S3, Supporting Information) and the atomic ratio
of Mn** and Mn?** is ~20% and ~80% respectively. These re-
sults provide evidence of phase change from Mn** dominated
Mn-BDD to Mn** dominated Mn-BDD, films just by anneal-
ing process.

The microstructural analysis using high-resolution transmis-
sion electron microscopy (HRTEM) further validates the exis-
tence of a diamond lattice within Mn-BDD and Mn-BDD, films.
The detailed microstructures of regions 1 and 2 in Figure 5a,d
are clarified by the HRTEM micrograph in Figure 5b,c,d,f re-
spectively. In typical HRTEM images (Figure 5b,e) of the Mn-
BDD and Mn-BDD, identifiable diamond lattice planes {111}
are observed. The gap between two successive fringes measures
approximately 0.21 nm, aligning closely with the dimensions of
diamond {111} planes found in nanodiamond crystals.['*32] Ad-
ditionally, there is an evidence of amorphous carbon (Figure 5c)
and graphitized layers (Figure 5f, interlayer spacing is ~0.37 nm)
forming along the grain boundaries of the diamond crystallites
of Mn-BDD and Mn-BDD,, respectively.

The cross-sectional microstructures of the Mn-BDD and Mn-
BDD, films were further illustrated by the composed bright
field TEM images (Figure 5 g,m) while the corresponding high-
angle annular dark-field (HAADF) images were displayed in
Figure 5h,n respectively. The approximate film thickness of the
Mn-BDD and Mn-BDD,; films was determined to be ~1.33 um
and 1.25 pm respectively. Elemental mapping of C—K, O—K, and
Mn—K, acquired from the marked squares in Figure 5h,n respec-
tively, reveals the evident C, O, and Mn in both Mn-BDD and Mn-
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BDD, films, where Mn-K elements were found at an approxi-
mate depth of >100 nm. These observations correspond well with
the anticipated penetration depth (d,) of Mn ions, as calculated
through simulations utilizing the Stopping and Range of Ions in
Matter approach.

The surface porosity, chemical functionality, and microstruc-
ture play a crucial role in controlling film resistance. BDD
(57.42 Q square™') and Mn-BDD (53.95 Q square™!) samples have
similar sheet resistance (Figure S5, Supporting Information) but
interestingly a significant increase in the sheet resistance was
observed for Mn-BDD,; sample (193.92 Q square™!). The low-
est sp?/sp® carbon ratio, increased proportion of oxygen func-
tional groups, formation of MnO, phase and more porous gran-
ular structure make the Mn-BDD, sheet resistance high. The
defectinduced Mn-BDD,, surface with a larger degree of oxygen
functional group, which promotes the electrolyte to sink into the
porous structure plays an important role in EC SC performance
which is discussed next.

Figure S6 (Supporting Information) shows the water con-
tact angle values of the BDD, Mn-BDD, and Mn-BDD,, sam-
ples. The WCA values are observed as BDDy,, (~120°) > Mn-
BDDyyca(®85°) > Mn-BDD, (=61°). The reduction in contact
angle for the Mn-BDD, is explained based on the surface chem-
ical state. The association between WCA and oxygen content can
be explained by the well-known fact that C—O/C—OH and C=0
bonds are more polar than C—C and C—H bonds.l’>*3] The in-
creased proportion of hydroxyl group and lattice oxygen on the
Mn-BDD, surface (as evidenced by the XPS observations) im-
prove its hydrophilicity and facilitate better contact with the elec-
trolyte, which is one of the reasons for better SC performance as
compared to other films.

To understand the effect of Mn ion implantation on the elec-
tronic structure of BDD, we ran a series of theoretical simulation
which is presented below.

2.2. Theoretical Simulations

Molecular structures of diamond, BDD, Mn-diamond and Mn-
BDD models were designed using a builder tool provided by
Atomistic ToolKit Quantumwise (ATK, Synopsys, USA) pack-
age as reported in [Atomistix Toolkit Version 2019.03, Synopsys
QuantumWise A/S (Www.Quantumwise.Com]. Density func-
tional theory (DFT) on the generalized gradient approximation
(GGA) level of theory with the Perdew—Burke-Ernzerhof (PBE)
functional was applied as implemented in the package. The Lin-
ear Combination of Atomic Orbitals (LCAO) method with thel>*]
Pseudo Dojo scalar relativistic pseudopotentials were applied.!*!
The Fermi-Dirac occupation scheme is used throughout the
work. The details can be found in the supporting information
file.

2.3. DFT-Based Band Structure Analysis
In order to investigate the influence of the Mn implantation
on the electronic structure inside the bulk of the supercapaci-

tive material, a series of band structure calculations have been
performed using DFT (Figure 6). In general, pristine diamond
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Figure 5. a) Cross-sectional HRTEM image of the surface layer in as-implanted Mn-BDD sample taken along the [110] zone axis of diamond; b) Magnified
HRTEM image of the region 1 in a), indicating the presence of diamond; c¢) Magnified HRTEM image of the region 2 in a), indicating the presence of
amorphous carbon above the diamond layer. d) Cross-sectional HRTEM image of the surface layer in Mn-BDD,y sample taken along the [110] zone
axis of diamond; e) Magnified HRTEM image of the region 1in d), indicating the presence of diamond; f) Magnified HRTEM image of the region 2 in
d), indicating the presence of nanographite above the diamond layer. Cross-sectional microstructures of the surface layer in the as-implanted Mn-BDD
sample (g-l) and the Mn-BDD,y sample (m-r): (g, m) TEM bright-field images; (h, n) corresponding HAADF images; (i,0) EDS spectra taken from
the marked circles in (h) and (n),respectively; element mapping of C-K (j,p), O-K (k,q) and Mn-K (l,r) taken from the marked squares in (h) and (n)
respectively.
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exhibits typical direct bandgap equal to 5.85 eV at the gamma
point with the Fermi level located inside the gap (subfigure a).
In the case of BDD, there is a set of additional electronic lev-
els originating mainly from electron density of boron dopants
located close to the valence band edge (subfigure c). Consider-
ing the Fermi level crosses one of those bands, and its E-k disper-
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sion is relatively high, BDD is conductive. However, when an Mn
atom is introduced instead of the BDD a whole set of new energy
levels are introduced inside the gap and the Fermi level crosses
one of them (subfigure b). Therefore, Mn can be classified as an
n-type dopant for diamond. These are exactly five bands originat-
ing from five d-type orbitals of the Mn valence shell exhibiting
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Figure 6. DFT-based band structure calculations of the a) pristine diamond, b) Mn-doped diamond, c) BDD and d) Mn-doped BDD; e) electrostatic
difference potential map and d) electron localization function map in the vicinity of the Mn dopant in the diamond unit cell. Black lines correspond to
projections form carbon molecular orbitals, red from boron and blue from Mn.

small E-k dispersion and therefore are expected to be poorly con-
ducting compared to the boron dopants. Interestingly, after in-
corporation of the Mn into the lattice, its levels strongly overlap
with orbital energies belonging to the carbon atoms initially (vi-
sually, there is a mixing of the blue and black colors of the bands
constituting the VB and CB). In other words, Mn orbitals are delo-
calized in the momentum space, while boron levels are localized.
This would indicate that in the real space electronic states of Mn
are localized and states of boron are highly conductive. Finally,
when both dopants are introduced to the unit cell together (with
1:1 ratio) both Mn and boron energy levels appear on the band
structure diagram (subfigure d). The Fermi level is shifted to the
valence band edge with respect to the pristine diamond, but is
markedly elevated compared to the BDD. Despite in case of sin-
gle dopants (both Mn and B) the Fermi level crosses occupied
bands, when both dopants are present it crosses the gap again.
Briefly, Mn doping counteracts B doping.

The discussed band structures are obtained after the unit
cell is geometry optimized with relaxed cell parameters and
symmetry constraints. After optimization, the Mn atom re-
sides in an interstitial position and has coordination num-
ber equal to 8. The lattice parameters are slightly changed
from 7.134 X 7.134 x 7.134 Ang® (all right angles and cu-
bic diamond symmetry) to 7.268 x 7.269 x 7.233 Ang’
(90.3 deg x 89.7 deg x 91.5 deg). As a result, the local environment
of the Mn site is strongly distorted and diamond symmetry is lost
— the cell is triclinic. Movie S1 shows animated frames from the
unit cell optimization trajectory.

To further explore the properties of the Mn dopant, electro-
static difference potential (EDP) and electron localization func-
tion (ELF) maps have been calculated and plotted in the plane
containing Mn dopant (subfigures e and f respectively). In this
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plane, all carbon atoms exhibit negative charges and positive
charges correspond to the voids between atoms. However, the
Mn site exhibits positive electrostatic potential compared to its
carbon neighbors suggesting that it acts as an electron donor to
the lattice (n dopant). It is also confirmed by the Mulliken anal-
ysis, which yielded 6 valence electrons (Mn*) before and 5.196
valence electrons (Mn?* after incorporation into the lattice. On
the other hand, the ELF map shows localization of the charge
onto the Mn atom (red circle) with a cloud of slightly delocalized
charge in its vicinity (greenish circles). Although Mn electronic
states have a finite conductivity, this partial localization suggests
that the boost is smaller compared to the boron doping, which is
in line with the inferences from the band structure (i.e., smaller
E-k dispersion).

2.4. Non-Eqiullibrium Green’s Function (NEGF) Calculations of
the Electronic Transmission

Furthermore, fully periodic Mn-BDD cells have been used to
build device configurations with Dirichlet boundary conditions
in the Z-direction allowing NEGF formalism to be applied. Pro-
jected local density of states (PLDOS) and electronic transmis-
sion spectra have been computed for the pristine BDD cell or
Mn-doped BDD cell sandwiched between two other BDD cells
as depicted in Figure 7a. In the former case, these are 3 boron
dopant atoms, in the latter, 2 boron and 1 Mn dopants are present.
The distance on the x axes of the PLDOS plot corresponds to the
length of the scattering region, i.e., BDD or Mn-BDD cell.
PLDOS map of the pristine BDD clearly shows that the Fermi
level is shifted to the valence band edge and the 5 eV bandgap
is preserved in the device configuration (subfigure b). High
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Figure 7. NEGF electronic structure calculation of the Mn-doped BDD; a) geometry of the junction, b,c) PLDOS and the corresponding transmission

spectrum of the BDD and Mn-doped BDD respectively.

values of the transmission in the vicinity of the Fermi level con-
firms high conductance. On the other hand, the Fermi level is
significantly elevated towards the CB edge, when the Mn-BDD
cell is in the scattering region. Surprisingly, a single Mn dopant
is capable of counteracting two boron dopants and switching the
junction character form the p-type to n-type in the presented sim-
ulation. Additional Mn d-orbital energy levels in the middle of the
gap are preserved, though.

Summarizing the DFT contents and considering the lack of lit-
erature on Mn doped diamond it is possible to speculate that two
factors, i.e., low E-k dispersion and charge localization contribute
to the lower sheet resistance of the Mn-doped BDD samples.

2.5. DFT Calculations of Raman Spectra
Additional DFT simulations of Raman spectra for the pristine

diamond, BDD, Mn-doped diamond and Mn-doped BDD have
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been included in the Supporting Information file (Figure S4, Sup-
porting Information). The pristine diamond exhibits several well-
defined bands constituting the experimentally observed D band.
Introduction of the boron leads to the manifestation of several
normal modes involved in the C-B bonds effectively broadening
the band below 1200 cm™. This behavior is consistent with the
literature.[5657]

However, incorporation of the Mn into the lattice leads to pro-
found alteration of the Raman spectrum, as many bands emerge
in the region between 1000 and 1300 cm™'. Considering that in
the vicinity of an Mn atom the coordination sphere is strongly
distorted, the symmetry is broken and initially Raman inactive
modes become active due to the symmetry breaking.!*") Similar
behavior is observed when both dopants are present in the lattice.
Although graphitization can happen and lead to shifts of the G
band, the experimental changes of the D band shape might be
caused by this symmetry breaking as a result of a mere act of Mn
insertion in the implantation process.
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Figure 8. Electrochemical performance in T M Na,SO, aqueous solution. a) Comparative cyclic voltammograms of BDD, Mn-BDD, and Mn-BDD,y at
a scan rate of 100 Mv s~'. b) and c) Rectangular cyclic voltammograms (EDLC) of Mn-BDD,y at varying scan rates ranging from 50 to 5000 mV s~.
d) Areal-specific capacitance of Mn-BDD,y as a function of scan rates. e) Comparative galvanostatic charge-discharge curves of BDD, Mn-BDD, and
Mn-BDD,y, at a current density of 2 pA cm™2. f) Triangular galvanostatic charge-discharge curves (EDLC) of Mn-BDD,y with varying current density.
g) Areal-specific capacitance of Mn-BDD,y as a function of current density. h) Cyclic stability of Mn-BDD,y. Capacitance retention ~98% after 10000
charge-discharge cycles. i) Experimental and fitted electrochemical impedance spectra of BDD, Mn-BDD, and Mn-BDD,y within the frequency range of

0.1 Hz to 1 MHz with inset showing corresponding Bode plot.

2.6. Electrochemical Supercapacitor Performance

To illustrate its potential applicability of annealed Mn implanted
BDD for the fabrication of SC, its capacitive behavior was tested
using three-electrode system using both aqueous (1 M Na,SO,)
and redox species containing aqueous (0.05 M Fe(CN) > /+~ +
1 M Na,SO,) electrolyte. The EC performance was assessed uti-
lizing cyclic voltammetry (CV) as well as galvanostatic charge-
discharge (GCD) tests. Compared with BDD and Mn-BDD, the
annealed Mn-BDD (Mn-BDD,), exhibits improved EC perfor-
mance with a quasi-rectangular CV shape (Figure 8a), indicating
the characteristics of electrical double-layer (EDL) capacitor. In-
teresting to note that, the Mn-BDD , is robust enough to main-
tain the ideal rectangular CV curve over a wide range of scan rates
(100-5000 mV s~!, Figure 8b,c). However, at the low scan rates
(<50 mV s7!), there were weak redox peaks corresponding to the
Faradaic current associated with the redox reaction of Mn3*/4*
canters (Figure S7, Supporting Information). The estimated ca-
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pacitances are ~ 159, ~ 77, and = 51 uF cm™2 at a scan rate of 1,
20, and 100 mV s! respectively (Figure 8d).

Figure 8e shows the comparative GCD curves of BDD, Mn-
BDD, and Mn-BDD, at a current density of 2 A cm™2. The
longest discharge period again demonstrates the superiority of
Mn-BDD, over BDD, and Mn-BDD films. The GCD curves Mn-
BDD, with varying current density show a fair triangular shape
(Figure 8f), indicative of the formation of efficient EDL with excel-
lent reversibility. The voltage loss (IR drop) is barely perceptible at
all of these applied current densities due to the good conductivity
of the Mn-BDD, films and improved electrolyte contact at the
electrode-electrolyte interface. The specific capacitance was cal-
culated using the GCD curves across a wide range of applied cur-
rent densities (Figure 8g; Figure S8, Supporting Information). At
current densities of 5, 20, and 100 pA cm~2, the calculated capac-
itances are ~ 33, ~ 25, and ~ 16 pF cm™2, respectively. The cyclic
stability of the Mn-BDD,, films was next investigated as an im-
portant characteristic for real-life SC applications, and the results
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Figure 9. Electrochemical performance in redox active electrolyte of 0.05 M Fe(CN)¢3/4~ contained 1 M Na,SO, aqueous solution. a) Comparative cyclic
voltammograms of BDD, Mn-BDD, and Mn-BDD,y at a scan rate of 10 mV s~ b) Cyclic voltammograms of Mn-BDD,y, at varying scan rates ranging
from 10 to 100 mV s~! with inset showing the variation of the anodic and cathodic peak currents as a function of the scan rate. Pseudocapacitive redox
peaks are visible. c) Areal-specific capacitance of Mn-BDD,y, as a function of scan rates. d) Comparative galvanostatic charge-discharge curves of BDD,
Mn-BDD, and Mn-BDD,y, at a current density of 1 mA cm™2. e) Galvanostatic charge-discharge curves of Mn-BDD,y with varying current density. Inset
showing the magnified GCD curves at high current density. f) Cyclic stability of Mn-BDD,). Capacitance retention ~100% after a 10000 charge-discharge

cycle.

are shown in Figure 8h. Outstanding cyclic stability (>98%) was
maintained even after the 10 000 charge/discharge cycle.

The EC impedance spectra (EIS) again reveal the superior ca-
pacitive behavior of Mn-BDD,, over BDD, and Mn-BDD elec-
trode (Figure 8i). Note that, the Mn-BDD, displayed larger slope
in the low-frequency region as compared to BDD, and Mn-BDD
electrodes. The Nyquist plot for Mn-BDD,; is closest to and
nearly parallel to the Y axis in the low-frequency zone, show-
ing the best capacitive properties.['*>¥] Furthermore, the Bode
plot shows that Mn-BDD, has the highest phase angle (~—80°)
at low frequencies (0.1 Hz to 100 Hz) than Mn-BDD and BDD,
confirming that Mn-BDD , characteristics are closer to the ideal
capacitor.[>l

To improve the capacitive performance of diamond-based thin
films even further, we created pseudocapacitances (PCs) by dis-
solving 0.05 M Fe(CN)s>/* in 1 M Na,SO, aqueous solution.
Figure 9a shows the anodic and cathodic peak potential sepa-
ration (AE}) is highest for Mn-BDD (A E, = 0.58 V) and it is
lowest for BDD (0.15 V). Interesting to note that AE, value of
Mn-BDD, is ~0.28 V which is closer to the pure BDD sam-
ple. This result indicates the electron transfer of [Fe(CN)6]*/*-
at Mn-BDD,; surface required a larger driving force compared
to BDD. This decrease in electron transfer kinetics can be ex-
plained based on attached surface oxygen functionalities on the
Mn-BDD, surface which exhibit a thicker depletion layer com-
pared to pure BDD.[®! It is also known that the oxygen sites
showed repulsion to the [Fe(CN)6]*/*~, preventing it to adsorb
on the electrode surface and thus inhibiting the electron transfer
between the redox couple and diamond surface.[®?! Interesting
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to note that in contrast to BDD and Mn-BDD, Mn-BDD,; has
the largest oxidation peak intensity of 0.54 mA demonstrating its
superiority in capacitive performance. Meanwhile, the peak cur-
rents (oxidation and reduction) for Mn-BDD, are linearly pro-
portional to the square root of the scan rate (inset of Figure 9b) in-
dicating the diffusion-controlled electron transfer kinetics. How-
ever, the separation between two redox peak potentials increases
further as scan rates increase indicating a quasi-reversible
electron transfer mechanism of Fe(CN)*/* on the electrode
surface. The evaluated areal capacitances are ~13, ~22, and
~52 mF cm~2 at a scan rate of 100, 50, and 10 mV s~ respectively
(Figure 9c).

The related GCD graphs of BDD, Mn-BDD, and Mn-BDD,
displayed nonlinear shapes with a plateau region (Figure 9d)
confirming the characteristics of pseudocapacitive charge stor-
age mechanism due to the redox reaction of Fe(CN)4*/*". The
specific capacitances of Mn-BDD,, estimated by integrating the
GCD curves are 37, 14, and 4 mF cm™ at the current density
of 1, 3, and 9 mA cm™? respectively (Figure S9, Supporting In-
formation file). Note that, the capacitance values obtained from
CV and GCD tests with redox active electrolyte are approximately
three orders of magnitude higher than those obtained without re-
dox active electrolyte. The areal-specific capacitance values of Mn-
BDD, electrodes are comparable to or even higher than previ-
ously developed diamond-based supercapacitors (Table S1, Sup-
porting Information).

Finally, as a case study, the cyclic stability of Mn-BDD,,, was
tested using a cycle number of 10000 and a current density of
2 mA cm?. Notably, after a steep drop after 1000 GCD cycles,
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Figure 10. a) Core level XPS Mn 2p spectra for the sample MnO, (Mn-BDD,y ), MnO, electrode after 1000 and 7000 cycles. b) The proportion distribution
of Mn3* and Mn** on the surface of MnO, (Mn-BDD,y) and MnO, electrodes after 1000 and 7000 cycles.

the capacitance gradually increases up to 10000 cycles but does
not stop (Figure 9f). The capacitance decrease in the initial cy-
cles could be attributed to structural degradation caused by re-
peated intercalation/deintercalation of electrolyte ions. After a
given cyclic period (1000 cycles), the redox electrolyte soaked into
the electrode surface promotes ion intercalation/deintercalation,
resulting in an easier redox reaction on the electrode surface. To
better understand the above-mentioned explanation, additional
ex-situ XPS measurements were carried out of Mn-BDD, af-
ter 1000 and 7000 cycles. Figure 10a illustrates the distribution
of Mn ions valence states in three different cyclic periods and
the relative proportion of Mn** and Mn3* ions are displayed in
Figure 10b. The Mn-BDD,, sample (denoted as MnO,) is mostly
dominated by Mn** ions (82%) as discussed previously as well.
After 1000 cycles, the relative proportion of Mn** decreased to
~28% and while the relative proportion of Mn** increased to
~72%. Meanwhile compared to MnO, the positive shifts of Mn
2p peaks are observed after 1000 cycles. It's worth noting that af-
ter 7000 cycles, the Mn 2p peaks have shifted slightly to the left,
indicating that the Mn peaks are approaching the initial MnO,
positions, which is further confirmed by the increased proportion
of Mn** ions (~38%). Wang et al. also explained a similar kind
of GCD behaviour with valence state adjustment of vanadium ox-
ide (VO,).>) Therefore, a slight adjustment of Mn valence state
is very likely the reason for the exciting phenomenon that capac-
itance rises gradually with cyclic processes.

The mechanism of the over-time capacitance increase can be
explained based on the band-structure perspective as well. In gen-
eral, XPS results (Figure 4f) and CV curves in the absence of re-
dox mediators (Figure S7) evidence that the initial, as-prepared
sample contains some amount of Mn** besides Mn**. Moreover,
there is no full reversibility and symmetry of the Mn3* | Mn**
redox process (Figure 8a — oxidation currents are slightly higher
~20 pA cm2). Due to the lack of symmetry, there is presumably
a non-zero amount of Mn** states on the surface that is formed

Adv. Funct. Mater. 2024, 34, 2308617 2308617 (12 of 16)

during each anodic polarization from the initial Mn** (besides
the main oxidation of the redox marker).

An increase in pseudo-capacitance can also occur as a result
of Mn** states accumulation. As mentioned in the DFT part
(Figure 6 and 7), the Mn dopant itself seems to counter the ef-
fect of boron doping by moving the Fermi level up. However, ox-
idation of Mn** to Mn** is equivalent to shifting the Fermi level
back down (electron withdrawal)—as a result, this initial counter-
action is minimized. If that is true, there is a slight increase in the
charge transfer rate each cycle, as the electron tunnelling prob-
ability increases due to boron doping being less hindered. Since
the increase in pseudo-capacitance and retention over time.

A ragone plot for energy density and power density of the
Mn-BDD, electrodes with two different aqueous electrolytes
(1 M Na,SO, and 0.05 M Fe(CN)s>~/*~ + 1 M Na,SO,) is shown
in Figure S10 (Supporting Information file). Compared to 1 M
Na,SO,, the SC performance of the Mn-BDD, considerably in-
creased when the electrolyte contained a redox pair. The fabri-
cated SC with and without redox couple delivered a maximum en-
ergy density of 6.25 and 0.008 pWh cm~2 and a maximum power
density of 2.29 and 0.07 mW cm™2, respectively.

To demonstrate the potential use of the Mn-BDD, in produc-
ing a miniature energy storage device, we further assembled the
Mn-BDD, into a solid-state supercapacitor configuration using
a gel electrolyte (mixture of poly(vinyl alcohol) (PVA) and sul-
furic acid). To prepare the solid-state SC device, polymer gelled
electrolyte was drop cast on the Mn-BDD,, surface without any
binder, separator, or any packaging material (Figure 11a). The CV
curves of the SC device at varying scan rates (1 to 1000 mV s7!)
have an almost rectangular shape within 0 to 1 V (Figure 11b,c)
revealing the electrode’s pure EDLC behavior. The specific capac-
itance with varying scan rates is displayed in Figure S11 (Sup-
porting Information). The triangular GCD curves (Figure 11d)
further confirm the typical EDLC characteristics and effective
charge storage capacity. Figure 11le illustrates that the specific

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD SISO 8|qedt|dde auyy Aq pausenob a1e Ssppie YO ‘85N JO S9InJ o} AigT 8UlUO A1 UO (SUORIPUOD-PUR-SWBH WD A8 1M A1q 1 U1 |UO//SdNY) SUORIPUOD Pue SWe 1 8y} 89S *[7202/20/TZ] uo Arigiauliuo A(1m ‘ABojouyds L JO AisieAlun 5sepo A £T980£20Z WiPe/Z00T OT/I0p/Lioo" A3 |1mAke.q 1 puluoy/sdiy wolj pspeojumod ‘g ‘#7202 ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

ADVANCED ADVANCED
SCIENCE NEWS FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

b . T C e T ] d
0.6{ —— 1mV s, 84——100mVs ——400mVs ¢
—— 5mVs —ggg mx s, 500 mVs” 1.0
0.4 F——300mV s

—— 10mVs"

-
N
)

0.4

Current (uA)
Potential (V)
=
N

Current (uA)
ot

04 ] —— 20mVs’ “ Al 021
N —— 50mVs ——600mV's’ 1000 mV 57| 0.0
T 0z s 06 03 o T 00 02 04 06 08 10 T o 2 % &
Potential (V) Potential (V) 0 5 'i“;me (155) 20 25
g, f
807 “100{ o
e ......
% 000-0—-9—9—g
§ .\-\l\- n 2 804 0T
3 S
= o + 601 Over 80% capacitance retention
3
3 ™ after 88000 charge/discharge cycles
& 201 &
O 204
R EEEEREE

Current density (uA cm”) T 0 5000 10000 15000 20000 30000 40000 50000 60000 70000 80000 90000
Cycle number
Figure 11. Electrochemical performance of a SC device in PVA-H,SO, gelled electrolyte. a) Schematic fabrication process of the sandwich-SC device.

b,c) Cyclic voltammograms of Mn-BDD,y at varying scan rates ranging from 10 to 1000 mV s~'. d) Galvanostatic charge-discharge curves of Mn-BDD,y
with varying current density. e) Areal-specific capacitance of Mn-BDD,y as a function of current density. f) Cyclic stability of Mn-BDD,y. Capacitance

retention ~82% after 88000 charge-discharge cycles.

areal capacitance of the SC device is ~74 uF cm~2 at 2 pA cm™2
and it retains 80% of its initial capacitance despite an increase in
current density of 8 times, indicative of excellent rate response.
Figure 11f. reveals that the SC sustained ~82% of its initial ca-
pacitance after 88000 GCD cycles, exhibiting its remarkable per-
formance stability over a long cycle life. To our knowledge, this is
the best cyclic stability reported till date for any diamond-based
SC devices (Table S2, Supporting Information file).

Figure S12 (Suppoting Information) in the supporting in-
formation file presents SEM images illustrating the structural
changes in the Mn-BDD,,; sample before and after undergoing
50000 charge-discharge cycles. Typically, during the ion interca-
lation/deintercalation process, the volume of the electrode mate-
rial undergoes expansion and subsequent contraction. This phe-
nomenon can cause irreversible damage to the structure of ac-
tive materials and a reduction in the availability of active energy
storage sites, causing a significant decline in capacitance reten-
tion throughout the cyclic process.[%}] Remarkably, in our specific
case, the Mn-BDD, sample maintained its 3D interconnected
granular structure with minimal fragmentation and the absence
of falling debris after the charge-discharge cycles. This preserva-

Adv. Funct. Mater. 2024, 34, 2308617 2308617 (13 of 16)

tion of structure can be attributed to the amorphous nature of
the active MnO, sites, which are less susceptible to mechanical
stress and thus contribute to the overall structural stability of the
electrode.[* Nonetheless, a noticeable change in surface porosity
is evident, with a reduction in surface porosity becoming appar-
ent after 50000 charge-discharge cycles. This reduction in surface
porosity results in a decrease in the accessible surface area for the
electrolyte, leading to a gradual decline in capacitance retention
throughout the cyclic process (82% capacitance retention after
88000 charge/discharge cycle).

Assessing the longevity of a supercapacitor, the extended
charging and discharging cycles become a crucial parameter that
demands careful consideration. In practical industrial applica-
tions, there is a need for an EC capacitor with prolonged dura-
bility and robust stability. The hierarchy of cyclic stability, in ac-
cordance with the energy storage mechanism, is as follows: elec-
tric double-layer capacitors (EDLC) > intercalation type super-
capacitors > pseudocapacitance.[®®] Surprisingly, despite featur-
ing an intercalation pseudocapacitive component (amorphous
MnO,) on the BDD surface, our electrode material demonstrates
remarkable stability over extended cyclic life. Our device offers a
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dual benefit: the pseudocapacitive element contributes to achiev-
ing a high specific capacitance, while the ultra-stable EDLC com-
ponent derived from the diamond lattice ensures an exceptionally
long lifespan for supercapacitor devices. Another advantage of
utilizing amorphous MnO, with a short-range crystalline struc-
ture is its preference over crystalline MnO,.l%! Hence, the ion
implantation method proves to be an efficient approach for fab-
ricating diamond-based supercapacitors that exhibit both a high
specific capacitance and exceptional cyclic stability.

Furthermore, the current approach is also applicable for the
large-scale production of active materials for supercapacitors. To
perform Mn ion implantation on BDD films, the samples were at-
tached to a 4-inch wafer, and the Mn ion beam was operated with
a beam current in the range of several microamperes. This il-
lustrates the viability of the ion implantation technique for large-
scale manufacturing. Therefore, according to our perspective and
belief, ion implantation approach indeed a feasible approach for
the larger-scale preparation of active materials for supercapaci-
tors.

The excellent SC performance of Mn-BDD, in aqueous, re-
dox species containing aqueous and solid-state electrolytes is due
to the synergistic combination of defect induced porous net-
work of Mn-BDD,, outstanding EC stability BDD which con-
tributed mainly to the EDLC part and an additional pseudocapac-
itive Faradaic component associated with MnO, phase and sur-
face oxygen functional groups. During the implantation process
Mn-ion severely damages the diamond surface (as can be seen
in Figure 1) and interestingly Mn ion catalyzes the formation of
graphitic carbon and MnO, phase during the annealing process.
By increasing the hydrophilicity and creating a more accessible
surface area for the electrolyte, the induced oxygen groups favor-
ably introduce more capacitance.'! The charge storage mecha-
nism in the presence of MnO, can be written according to the
previously published report,[®!

(MnO,) +C" +e” & MnOOC 2)

surface
where C represents the C* represents an alkali metal cation (H*,
Na*) in the electrolyte. Here Mn ion stored charges via rapid re-
dox reaction and changed its oxidation states between Mn** and
Mn**. In addition to these MnO, stores charges in the form of
EDLS as well.[%]

It is known that amorphous MnO, with short-range crystalline
order is favored over crystalline MnO,, because the disordered
structures are less susceptible to mechanical stress during ion
intercalation-deintercalation processes resulting in fast ion diffu-
sion, and higher structural stability, during long charge-discharge
cycles.[196467.68] The excellent EC stability of sp® carbons (dia-
mond phase) in a wide range of electrolytes combined with dis-
ordered amorphous MnO, granular particles provides the ultra-
long lifetime of SC devices (> 88 000 cycles with only 18% loss of
capacitance).

Hence the EC SC output of the Mn-BDD,, is attributed to the
reconstruction of the film surface (granular grain) resulting in
a high specific surface area with easy access to the electrolyte
ions due to induced oxygen groups along with additional pseu-
docapacitance due to MnO, which facilitates the charge transfer
kinetics; while the ultra-high cyclic stability is facilitated by the
diamond lattice combined with amorphous MnO,.[67°]

Adv. Funct. Mater. 2024, 34, 2308617 2308617 (14 of 16)

www.afm-journal.de

3. Conclusion

In summary, granular Mn-BDD, surfaces were created by high
dose Mn ion implantation and post-annealing at 750 °C, making
them suitable candidates for EC SC application. The transforma-
tion of pure diamond to diamond/graphite mixed phase by con-
trolled ion bombardment and annealing treatment is reported
here. The finding regarding the localization of Mn atoms and
MnO, phase in the diamond lattice responsible for the Faradaic
component is also proposed. The Mn-BDD,, electrode showed
high cyclic stability (~100% retention after 10 000 cycles in aque-
ous solution and ~80% retention after 88 000 cycles in polymer
gel electrolyte) without using any additional current collector or
organic binder which is an essential component of any commer-
cial SC devices. The suitable granular structure supported by the
dual component of the sp? phase surrounded by the sp? phase
with an additional pseudocapacitive MnO, component builds
physicochemical dynamics for a smooth flow of charge at the
electrode-electrolyte interface. Therefore, in future energy stor-
age systems, this study paves the way for the controlled prepara-
tion of transition metal-carbon-based SC electrode material.
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