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A 2D Titanium Carbide MXene Flexible Electrode
for High-Efficiency Light-Emitting Diodes

Soyeong Ahn, Tae-Hee Han, Kathleen Maleski, Jinouk Song, Young-Hoon Kim,

Min-Ho Park, Huanyu Zhou, Seunghyup Yoo, Yury Gogotsi,* and Tae-Woo Lee*

Although several transparent conducting materials such as carbon
nanotubes, graphene, and conducting polymers have been intensively
explored as flexible electrodes in optoelectronic devices, their insufficient
electrical conductivity, low work function, and complicated electrode
fabrication processes have limited their practical use. Herein, a 2D titanium
carbide (Ti3C;) MXene film with transparent conducting electrode (TCE)
properties, including high electrical conductivity (=11 670 S cm™) and high
work function (=5.1 eV), which are achieved by combining a simple solution
processing with modulation of surface composition, is described. A chemical
neutralization strategy of a conducting-polymer hole-injection layer is used
to prevent detrimental surface oxidation and resulting degradation of the
electrode film. Use of the MXene electrode in an organic light-emitting

diode leads to a current efficiency of =102.0 cd A~ and an external quantum
efficiency of =28.5% ph/el, which agree well with the theoretical maximum
values from optical simulations. The results demonstrate the strong potential
of MXene as a solution-processable electrode in optoelectronic devices

and provide a guideline for use of MXenes as TCEs in low-cost flexible

Indium tin oxide (ITO) has been being
widely used as a transparent conducting
electrode (TCE) for optoelectronic devices,
but it has a number of disadvantages such
as brittleness, high and further increasing
cost, and diffusion of metal species into
devices."®! Several other flexible con-
ducting materials including carbon nano-
tubes, graphene and conducting polymers
have been considered as an alternative
solution, providing flexibility to the TCE
and their usages were intensively explored
for flexible optoelectronics.®2%  Even
though there has been substantial pro-
gress in flexible optoelectronic applica-
tions, still a number of technical issues
remain. To achieve high quality graphene,
a high-temperature chemical vapor deposi-
tion (CVD) growth at =1000 °C, and addi-
tional charge transfer doping are usually
required to improve the electrical conduc-

optoelectronic devices.
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tivity o of intrinsic graphene sheets.[®21-23]

The graphene doped with volatile chemi-

cals has electrical instability issues, com-
plicating fabrication of devices.?*2l Conducting polymers
(e.g., poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)) have been limited by the relatively low electrical
conductivity (<1000 S cm™).27"2] Furthermore, the work func-
tion (WF) of both conducting materials are usually less than
4.8 eV, which also acts as a critical limiting factor for organics,
quantum dots, and perovskite light-emitting diodes (LEDs) due
to a large energy barrier formation for hole injection.

MZXenes are 2D transition-metal carbides, nitrides, or carbon-
itrides that have the formula M,,,;X,,, where M is an early transi-
tion metal (e.g., Ti, V, Nb, and Mo), and X is C, N, or both.[3%:31
They have metallic conductivity (5000 < ¢ < 10 000 S cm™),
which is a result of metal-like high free-electron density and a
sheet-like structure of individual nanosheets.[??l MXenes have
surface hydrophilicity which provides an excellent platform for
solution-processing approaches.?*34 MXenes are fabricated
using a wet chemical synthesis procedure, which leaves sur-
faces that are terminated by functional groups such as —OH,
-0, -Cl, and -F, which make the MXenes dispersible in polar
solvents.®®! Grafting approaches can be used to enable dis-
persion in nonpolar solvents.’*! Due to the 2D structure and
high electrical conductivity along with the simple fabrication,
MXenes have been explored as electrodes and current collectors
of metal ion batteries, sensors, gas and electrochemical storage
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Figure 1. a) Schematic illustration of MXene film formation using Ti;C, MXene solution by spin-coating on ozone-treated substrate. b) SEM and
c) AFM images of prepared Ti;C, film. d) Characterization of optoelectronic properties. From left to right: transmittance T (%) versus sheet resistance
Rs (Q sq™"); slope of (T%3 —1) versus thickness yields optical conductivity (S cm™); slope of Rs versus thickness (cm) or inverse thickness (cm™) yields
DC conductivity (S cm™). e) Rs normalized to initial value Rsy of ITO and MXene after bending up to 5000 times.

media, energy devices, and catalysts.’’*] Metallic conductivity
and hydrophilic surface make MXenes good candidates for use
as solution-processed TCEs for flexible optoelectronic devices.
However, MXene have not been properly used for supporting an
LED because the MXene films can be severely damaged when
they are coated with an acidic-water-based hole-injection layer
(HIL).3%33%] The surface functional groups substantially affect
the electrical and electronic properties of MXenes.*¥l Oxidation
of MXene film significantly degrades its o and decreases its WF.
In a TCE, these changes could alter the charge balance in LEDs
and significantly decrease their luminous efficiencies, and this
result impedes use of MXene TCEs in optoelectronic devices.

In this work, we exploited single-layered Ti;C, MXene as
a solution-processed flexible TCE, and used a one-step spin-
coating and low-temperature vacuum-annealing protocol to
obtain MXene electrode films that have substantially high o (up
to 11 668 S cm™ and 108 Q sq™"), high WF (=5.1 eV), and good
optical transmittance T (up to 85%). To overcome the major deg-
radation of the MXene film during device fabrication, we used
low-temperature vacuum annealing to modulate the surface of
the MXene film, thus protecting the high ¢ and high WF. We
also used a chemically neutralized alcohol-based HIL to protect
the material from interface oxidation. The effectiveness of our
strategies to engineer the surface and interface was demon-
strated by analysis of the chemical compositions of MXene films,
and by the nearly ideal charge injection (hole-injection efficiency
=1) from the modified MXene film to the overlying hole trans-
porting layer (HTL). Phosphorescent organic LEDs with a modi-
fied MXene anode showed high efficiency (current efficiency
=101.9 cd A7Y; external quantum efficiency =28.5% ph/el), and
show the great potential of MXenes as solution-processed flexible
TCE for LEDs.
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Ti;C, MXene film was prepared by spin-casting of the
Ti;C, solution for flexible transparent electrode application
(Figure 1a). The individual MXene nanosheets in the film
overlapped (Figure 1b); each MXene nanosheet was =1 nm-
thick (Figure 1c), which closely matches the theoretical value
of monolayer Ti;C,.3**! T of the MXene film could be widely
controlled from 50 to 85% at 550 nm (Figure S1, Supporting
information), and the sheet resistance (Rg) of the film could be
tuned from 98 to 115 Q sq! (Figure 1d) by adjusting its thick-
ness (t) from 29 to 79 nm. The maximum o = 1/(Rgt) of the
MXene film was 10 957 S cm™, which is notably high among
flexible conducting films.[>30-52

In bending tests (bending radius 3 and 1 mm (Figure S2,
Supporting information)), the MXene electrode fabricated on a
130 um-thick poly(ethylene terephthalate) (PET) substrate showed
good flexibility and cycling stability, whereas the conventional ITO
electrode on PET substrate cracked after a few cycles of bending.
As a result of the poor mechanical properties of ITO, its elec-
trical properties also decreased as the number of bending cycles
increased. In Rg measurements, the MXene electrode on PET did
not show any change after 5000 bending cycles, whereas the ITO
on PET showed a sharp increase in Rg after 1000 bending cycles
(Figure 1e). The MXene film composed of overlapped nanosheets
network can effectively retain the electrical coupling between indi-
vidual MXene sheets under high and cyclic mechanical stress
(Figure S2, Supporting information).

The surface WFs of MXene and ITO electrode films were
compared by measuring their spatial surface potentials with
Kelvin probe. As-prepared MXene film had a higher WF
(=5.0 eV) than the ITO electrode (=4.8 eV) (Figure 2a). The
MXene nanosheets are terminated with functional groups such
as —OH, -0, —Cl, and -F after the solution preparation process
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Figure 2. a) Contact potential difference (CPD) of ITO and Ti;C, MXene electrodes measured by Kelvin probe. b) Schematic illustration of MXene
sheets and their surface functional groups (-OH, —O, and —F). c¢) XPS O Ts, F 1s spectra and d) CPD of MXene films with low-temperature vacuum
annealing at 100, and 200 °C, or dried at RT (=23 °C) without vacuum annealing, with ITO as a comparison.

(Figure 2b). Functional groups on MXene flakes can change
the resulting WF by changing the surface dipoles of MXene
(i-e., by shifting the Fermi energy level of the metallic semicon-
ductor).5>> Density functional theory (DFT) predicted that the
WF of Ti;C, can be in a wide range from 1.6 eV with hydroxyl
(—OH) surface termination to 6.25 eV with oxygen (-O) surface
termination).>?!

The anode WF strongly influences the charge carrier injec-
tion as a result of formation of an energy barrier with the
highest occupied molecular orbital (HOMO) energy levels of
the overlying organic layer (HIL), so a high WF is desirable for
efficient charge injection, which can translate directly to high
efficiency of LEDs.2¢1>5] The MXene WF of 5.0 eV is higher
than those of other flexible electrodes (e.g., pristine graphene:
=4.4 eV; high-c PEDOT:PSS: =4.8 eV), but the usual organic/
polymeric HIL has HOMO energy >5.2 €V, so a small energy
barrier still exists.

To further increase the WF of MXene, we used vacuum
annealing to remove —-OH surface functional groups and
thereby increase the ratio of —O to —-OH surface terminations
on the MXene film. To verify the ratio of the functional groups,
X-ray photoelectron spectroscopy (XPS) of MXene films were
analyzed according to annealing processes (dried at room
temperature, vacuum-annealed at 100 °C for 1 h or 200 °C for
2 h) (Figure 2c). This process noticeably decreased the —OH
terminated Ti (534 eV in O 1s spectra) and the C-O contami-
nation (532.2 eV), so the ratio of —O terminated Ti (529.3 eV)
and -F terminated Ti (684 eV in F 1s spectra) on the film sur-
face increased slightly as annealing temperature and time
were increased. As a result, the WF of the MXene film after
vacuum annealing at 200 °C increased to =5.1 eV (Figure 2d;
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Figure S3, Supporting information). The higher vacuum
annealing temperature (250 °C) begins to decrease WF of
MXene film possibly due to high-temperature-induced loss
of fluorine termination (Figure S4, Supporting information).
The air-photoemission measurement provided further evi-
dence that the WF increased in the MXene film after vacuum
annealing (Figure S5, Supporting information). Also, the low-
temperature vacuum annealing and concomitantly altered sur-
face chemical composition increased the o of the MXene film
t0 11668 S cm™ (Rg = 108 Q sq!) after annealing in vacuum at
200 °C for 2 h.

An MXene electrode should not react with the overlying
solution-processed HIL. However, humid and acidic envi-
ronments oxidize Ti;C, MXene.’®>] The influence of water
and acid permeation on the chemical compositions of Ti;C,
MXene film was investigated by XPS analysis. Composition
changes of Ti;C, were observed after water and acid expo-
sure on the MXene film (Figure S6, Supporting information).
The TiO, peak centered at 458.5 eV in the XPS Ti 2p spec-
trum strengthened after exposure to deionized water or hydro-
chloric acid; these changes imply that Ti;C, on the surface
of the film is oxidized. This result also indicates that the
acidity of HIL also accelerates the oxidization of Ti;C, MXene
electrode films, so o of the electrode decreases (Figures S3
and S4, Supporting information). Also, the application of the
conventional polymeric HIL, PEDOT:PSS to MXene-coated
substrate caused Ti;C, sheets to delaminate from the sub-
strate (Figure 3a). This result could be also attributed to per-
meation of water into the Ti;C, layers due to hydrophilic -OH
and -O surface terminations of the Ti;C, sheets, and to the
acidic nature of PEDOT:PSS that could oxidize the MXene

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Glass
b ; substrate
Xo,

Delaminated
by PEDOT:PSS

Ti;C; layer

2 um

www.advmat.de

(o] PSS
z ; ‘ FFl|FRF
°=3=° O:;:O Q:gio' F F L F E
z "\_s NH, O
VAY @ Fipgérg
o g o FaC"L70 S-OH
\_P/Eno:'_/ Aniline F F F('_')
Alcohol evaporation
ot : KA
n-GraHIL G
e
Substrate Substrate
Ti;C, MXene h n-GraHIL Ti;C, MXene

—
o
o

@
o
T

(0]
o

S
o
T

N
o
T

=
g
o
(%)
=
8
T 40
[
§ 20| — TisC, MXene
= Ti,C,MXene/n-GraHIL
9260 500 600 700
Wavelength (nm)
f PR Ti;C, MXene g - PEDOT.PSS
X100 X100 ——
i —.—Tr e} ——F
S ——F S SE
w 80T\ 5 80[ =T
2 2 =<
o ——Ti o ——S
= 60, o = 60
%3 [
2 ol g
8 3
o 20 o 20f
E it s e. o0 o] £
2 o 2 o —
<< 0 400 800 1200 1600 < 0 400
Sputter time (s)

Sputter time (s)

Atomic compositions (at. %)

o
o

800 1200 1600 400 800 1200 1600

Sputter time (s)

Figure 3. a) Delamination of Ti;C, MXene during spin-coating of PEDOT:PSS and b) SEM images of delaminated MXene film. c¢) Chemical structures
of constituents (PEDOT:PSS, aniline and perfluorinated polymer) of n-GraHIL, and schematic of n-GraHIL formation on Ti;C, MXene film. d) MXene
uniformly covered by n-GraHIL solution without delamination, and e) transmittance of MXene films without and with n-GraHIL. f~h) XPS depth profiles

of Ti3C, MXene (f), MXene/PEDOT:PSS (g), and MXene/n-GraHIL (h).

film. XPS depth profiles of bare Ti;C, and PEDOT:PSS-coated
Ti3C, revealed that water-dispersed PEDOT:PSS diffused
throughout the Ti;C, film (Figure 3fg). Judging from the
atomic concentrations of C and S, the depth profile was
divided into HIL and Ti;C, MXene regions (Figure 3f-h). The
atomic concentration of oxygen in the MXene film (where the
concentration of C is reduced) increased significantly com-
pared to that of bare Ti;C, after spin-coating of PEDOT:PSS
on MXene film (Figure 3g).

To avoid the water/acid permeation and delamination of
the MXene electrodes, a chemically neutralized polymeric
HIL (n-GraHIL) was introduced in LED applications. The
conventional PEDOT:PSS was neutralized by incorporating
Lewis-basic aniline molecules into the PEDOT:PSS solution
to chemically coordinate acidic polystyrene sulfonic acid (PSS)
moieties in the PEDOT:PSS (Figure 3c), so the pH of our
n-GraHIL was tuned to be near 7 The n-GraHIL also contains
a perfluorinated polymer that has low surface energy and high
ionization potential, thereby additionally developing a gra-
dient WF inside the HIL (surface WF: =5.95 eV) and yielding
efficient hole injection into the emitting layer (EML).[26:5>58]
The water content in the n-GraHIL solution was reduced
by replacing water with alcohol as a solvent for the polymer
blends so that water permeation into the electrode film could
be reduced during the solution process compared to the pro-
cess that used water-based solution.
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The pH-neutral and alcohol-based HIL was used to avoid oxi-
dation, and did not cause delamination of Ti;C, layers during
spin-coating (Figure 3d). The n-GraHIL film formed uniformly
on the Ti;C, electrode film and did not show significant effect
on its T (Figure 3e). These results can be attributed to the neu-
tral environment and to the faster evaporation of alcohol-based
solvent than water during HIL formation on the MXene film
(Figure 3c). The fast solvent evaporation of n-GraHIL did not
allow time for diffusion into Ti;C, sheets, or for surface oxida-
tion of the electrode film. The atomic concentration of oxygen
and the ratio of O/Ti did not change much from the XPS
depth profile of bare Ti;C, (Figure 3h; Figure S8, Supporting
information).

To evaluate the hole-injection capability from the MXene
anode/n-GraHIL stack, we fabricated hole-only devices
(HODs) (Figure 4a). At low voltage, the voltage-current den-
sity curves of the HODs with Ti;C, MXene anode showed
higher hole-current density at a given applied bias than did
the HODs that used a conventional ITO anode; this result
can be attributed to MXene anode’s higher WF (=5.1 eV) than
that of ITO (=4.8 eV) (Figure 4b). The hole-injection efficiency
of MXene/n-GraHIL was calculated by comparison with a
theoretical space charge-limited current (SCLC) model and
Poole—Frenkel equations (Figure 4c and Supporting Informa-
tion). The MXene/n-GraHIL showed hole-injection efficiency
=1, which means that Ohmic-like hole injection is achievable

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic illustration of the hole-only device design, b) current density versus voltage characteristics, and c) calculated hole-injection
efficiency 1 of hole-only device with ITO/PEDOT:PSS, ITO/n-GraHIL and MXene/n-GraHIL. d) Luminance versus voltage characteristics of LEDs that
have ITO or MXene electrode (inset: optical image of MXene-based green organic LED (left), and schematic of green phosphorescent organic LED
device structure (right)). e) Current efficiency versus luminance characteristics (inset: power efficiency versus luminance characteristics), and f) EQE
versus luminance characteristics of LEDs using ITO and MXene as electrodes. g,h) Calculated maximum EQE of organic LEDs with MXene (g) and
ITO (h) electrode as a function of functional layer thickness, and i) optical image of flexible organic LEDs based on MXene electrodes.

using a MXene anode with engineered surface and interface
chemical composition.

We also fabricated green phosphorescent organic LEDs
that had solution-processed Ti;C, MXene film as a TCE
(Figure 4d). They had high current density and luminance char-
acteristics at a given applied bias (Figure 4d; Figure S9, Sup-
porting information). The maximum current efficiency was
102.0 cd A7!, maximum power efficiency was 103.7 Im W7,
and maximum external quantum efficiency (EQE) was 28.5%;
these are comparable to those of conventional rigid ITO-based
devices (103.0 cd A™L, 96.9 Im W' and 29.1%) (Figure 4e,f).
Our results are very close to the maximum EQE values calcu-
lated using optical simulation (29.3% for MXene-based devices;
30.2% for ITO-based devices) (Figure 4g,h). Therefore, MXene
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provides efficient hole-carrier injection into the EML of LEDs,
and thereby yields an excellent internal charge balance in the
LEDs. Also, bright, green-emitting, flexible LEDs with flex-
ible PET/MXene anodes have been demonstrated (Figure 4i).
The LED fabricated with MXene anode also showed excellent
mechanical flexibility against cyclic mechanical bending and
folding (Figures S10 and S11, Supporting information); this suc-
cess highlights the feasibility of using MXene anodes in flexible
optoelectronics.

In conclusion, we have demonstrated the feasibility of single-
layered Ti;C, MXene as a solution-processed flexible TCE for
LEDs, and achieved high-efficiency organic LEDs based on a
MXene anode for the first time by using precise surface and
interface engineering. The MXene electrode produced using
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a simple spin-coating and low-temperature post annealing
process had highly desirable electrode properties of high WF
(=5.1 eV) and high o (up to 11 668 S cm™), as well as good T
(up to 85%). Organic LEDs with the surface-modulated MXene
anode and neutralized polymeric HIL achieved high current
efficiency (=102.0 cd A7), power efficiency (103.7 Im W) and
EQE (28.5% ph/el), which approach the theoretical maxima in
this device structure. The outstanding results of the MXene film
and the MXene anode-based flexible organic LEDs demonstrate
the strong potential of the solution-processed MXene TCE for
use in next-generation optoelectronics that are produced using
a low-cost solution-processing technology.

Experimental Section

TisC, Synthesis: First, 2 g of Ti;AIC; MAX phase (<38 wm) was slowly
added over the course of 10 min to 40 mL of etchant solution (24 mL
hydrochloric acid (HCI, 37 wt% Fisher Scientific), 12 mL deionized H,0,
4 mL hydrofluoric acid (HF, 48-51 wt% Sigma Aldrich)). The reaction
was stirred at 35 °C for 24 h using a Teflon magnetic stir bar. After
the selective etching reaction, the sediment was washed by repeated
centrifugation (5 min, 3500 rpm, 150 mL deionized H,0), the acidic
supernatant was decanted, and the process was repeated until the
pH reached neutral (=6). Then 2 g of lithium chloride (LiCl, Sigma
Aldrich) was dissolved in 100 mL of deionized H,0 and added to the
multilayer MXene sediment. The solution was stirred for 12 h at ambient
temperature. The solution was washed with repeated centrifugation
(5 min, 3500 rpm, 150 mL deionized H,0) and the supernatant was
decanted until a dark supernatant was observed. Then the solution
was centrifuged for 1 h at 3500 rpm and the dilute green supernatant
was decanted. The swollen sediment was re-dispersed with 150 mL of
deionized H,O and centrifuged for 10 min at 3500 rpm to isolate the
MXene supernatant from the sediment. To optimize the flake size, the
MXene supernatant was centrifuged for 30 min at 3500 rpm. The final
supernatant was used in fabrication of TCEs.

Ti3C, Film Preparation: Glass substrates were immersed sequentially
in acetone and isopropyl alcohol (IPA) baths and sonicated for 10 min,
each. The substrates were surface-treated by ultraviolet ozone for 10 min.
Then 250 uL of the Ti;C, solution (14 mg mL™") was deposited on the
substrate and allowed to equilibrate for 30 s, then it was dispersed by
spin-coating at 6000 rpm for 30 s, then at 7000 rpm for 5 s to yield in a
thin, conductive electrode film. All films were dried at room temperature
or vacuum-annealed 100 °C for 1 h or 200 °C for 2 h. The films were
stored in a nitrogen glovebox at room temperature.

Characterizations: The surface topographic images of MXene films
were obtained by atomic force microscopy (NanoScope, Digital
Instruments) and field-emission scanning electron microscopy (MERLIN
compact, ZEISS) at the Research Institute of Advanced Materials, Seoul
National University. The optical transmittances of MXene films were
measured using an ultraviolet (UV) absorption spectroscopy (Lambda
465, PerkinElmer, Inc.) and the sheet resistances of the films were
obtained by four-point probe measurement combined with a Keithley
2400 source meter. The thickness was calculated using Beer-Lambert
law calibration curveP? (Ti;C, absorbs 3% of visible light (at 550 nm)
per nanometer thickness;, i.e., has an absorption coefficient of 1.1 x
107> ¢cm™). Surface potentials were obtained using a Kelvin probe and
air photoemission system (APS) (KP Technology Ltd.). For surface
composition analysis, X-ray photoelectron spectroscopy (XPS) spectra
were analyzed using a micro-X-ray/UV photoelectron spectroscopy
system at the Korea Basic Science Institute.

Device Fabrications: Conducting polymer hole-injection layers
(neutralized-gradient WF hole-injection layer (n-GraHIL) or poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)) were
spin-coated on patterned Ti;C, substrates to give 100 nm-thick film.
To fabricate organic LEDs, the substrate/anode/HIL samples were
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transferred to a thermal evaporator for deposition of organic layers and
metal electrodes. The organic layers of TAPC (15nm)/TCTA:Ir(ppy),acac
(5nm, 97:3 by volume)/CBP:Ir(ppy),acac (5nm, 96:4, by volume)/
TPBi (55nm) (TAPC = 4,4"-cyclohexylidenebis(N,N-bis (4-methylphenyl)
benzenamine), TCTA = tris(4-carbazoyl-9-ylphenyl)amine, CBP = 4,
4’-bis(N-carbazolyl)-1,1"-biphenyl, TPBi = 2,2,2-(1,3,5-benzenetriyl)tris-(1-
phenyl-1H-benzimidazole)) were deposited using a thermal evaporator
under 5.0 x 107 Torr. Metal electrodes of lithium fluoride, LiF (1 nm)/
aluminum (100 nm) were deposited sequentially.

Optical Simulation: Optical simulation was performed using
the classical dipole model that is known to predict the emission
characteristic of OLEDs quantitatively.?%¢ In this optical simulation,
both Purcell factor and the orientation of an emitting dipole were
properly taken into account, as described in other literatures.["¢2 Both
consecutive emitting TCTA and CBP layers were assumed as a single
TCTA layer having the same total thickness of 10 nm, for simplicity.
Then, the emission from the whole emitting layer was assumed to occur
at the center of the equivalent single emitting layer. Also, it was assumed
that there is no electrical loss and all generated excitons can contribute
to radiative recombination. The radiative quantum yield of 0.94 and
horizontal dipole ratio of 0.76 were used respectively for an emitter
Ir(ppy),acac, following the previous work by Kim et al.[53]
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Supporting Information is available from the Wiley Online Library or
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