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ABSTRACT: Hybrid inorganic−organic lead halide perovskites have attracted a significant
research interest in the last 10 years due to their broad-area applications in optoelectronic
devices such as solar cells, lasers, photodetectors, and light-emitting diodes (LEDs).
Fundamental understanding of the charge transportation, defect density, and activation energy
is very important for the further progress of this class of semiconductors. Here, we shed light on
the interpretation of resistance, capacitance, defect density, and activation energy levels in
single-crystalline methylammonium lead iodide (MAPbI3). In particular, the impedance
response of the MAPbI3 crystal as a function of applied bias and temperature (under both
increasing and decreasing temperature cycles) is studied for the first time. From the detailed
bias- and temperature-dependent studies, we found that the low-frequency capacitance values
are influenced by ion density and mobility. Consequently, single-crystalline MAPbI3 depicts an
activation energy of 0.53−0.54 eV with an exceptionally low electronic trap density of 0.96 ×
1010 cm−3. The present study illustrates that the net electrochemical impedance spectra are due to ionic capacitance coupled to a
resistance. The associated resistance is related to the conductivity of the perovskite crystal. These findings are helpful to understand
the fundamental electrical properties of the MAPbI3 single crystal, which could be useful for the further advancement of perovskite
single-crystal-based applications.

1. INTRODUCTION

In the last 10 years, hybrid inorganic−organic lead halide
perovskites have become the center of research interest as one of
the most promising candidates for the development of next-
generation photovoltaic1−4 and optoelectronic devices.5−7

These semiconductors exhibit outstanding electrical and optical
properties with the scopes of cost-effectiveness and ease of thin-
film fabrication processing.8,9 However, low operational
stability10 and polarization at low frequencies/long time scales
affect the charge transport and recombination during the
operation of devices.11,12 It has been reported that issues mainly
governed by ions and vacancy conductions need to be addressed
to make perovskite solar cells (PSCs) commercially avail-
able.13,14

Recently, extensive efforts have been devoted to study the
growth methods and physicochemical characterizations of
single-crystalline metal halide perovskites.15 Methylammonium
lead iodide (MAPbI3) is a prototypical photoabsorber in
PSCs,16,17 and its single-crystalline form exhibits higher carrier
diffusion length and carrier lifetime and a lower trap state density
than the corresponding polycrystalline perovskite films.18,19 A
number of studies involving other metal halide perovskites have
also univocally shown that the optoelectronic properties of the
single-crystalline perovskites are much better compared to those
of pellets or thin-film counterparts due to the less amount of

grain boundaries and defects.18,20−22 Therefore, the utilization
of perovskite single crystals for optoelectronic application has
emerged as a new direction for boosting the efficiency and
moisture stability of PSCs.23−25

It is well established that migration of ionic species in a
perovskite leads to instability in PSCs and has also been
proposed as a possible cause of the hysteresis effect.26 The
activation energy of migrating ions in MAPbI3 has been
estimated theoretically and experimentally and covered a wide
range of 0.2−0.6 eV.20,26−33 Due to this discrepancy on the
energy barrier that determines the ion transport, it is still
desirable to shed more light on the mechanism of ion
conduction in perovskite materials.34 The activation energy
and electronic defect density of perovskite single crystals found
in the literature are summarized in Table 1.
In this work, we report on the bias- and temperature-

dependent behavior of single-crystalline MAPbI3 using electro-
chemical impedance spectroscopy (EIS) and capacitance
spectroscopy. Our results reveal that the low-frequency
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capacitances are influenced by the ion density and mobility. We
demonstrate that the electrical parameters such as capacitance,
resonance time, and impedance are temperature- and voltage-
dependent. Understanding the behavior of these parameters can
provide a way to design and optimize perovskite crystals
employed for various optoelectronic applications. In this regard,
the conventional electrical direct current (DC) measurements
still remain limited. The activation energy corresponding to ion
migration was calculated to be in the range of 0.53−0.54 eV.
Moreover, we find that the MAPbI3 crystal depicts an
exceptionally low trap density of 0.96 × 1010 cm−3. This study
also shows that the EIS response of the MAPbI3 single crystal
exhibits different behavior from that observed in PSCs. While
the EIS spectra of PSCs are defined by two semicircles, a single
semicircle is observed for perovskite single crystal. The present
study illustrates that the net electrochemical impedance spectra

are due to ionic capacitance coupled to a resistance. The
associated resistance is related to the conductivity of the
perovskite crystal. These results are helpful to understand the
fundamental electrical properties of single-crystalline MAPbI3,
which could be useful for the further advancement of perovskite
single-crystal-based applications.

2. EXPERIMENTAL SECTION
2.1. Synthesis of MAPbI3 Single Crystals. The perovskite

crystals were grown briefly using a 1.0 M MAPbI3 solution
prepared by dissolving equimolar amounts of precursors in γ-
butyrolactone at 60 °C overnight. Before crystallization, the
solution was filtered using a 0.2 μmpore size PTFE filter. Next, 2
mL of the filtered precursor solution was kept at 160 °C for 30
min in an oil bath, which resulted in the growth of very small
seed crystals. The seed crystal solution was further heated at 120
°C for 3 h. Finally, the remaining solution was discarded and the
crystals were washed with acetone 2−3 times and then dried.

2.2. Characterization of Perovskite Single Crystals.
Temperature-dependent powder X-ray diffraction (XRD)
patterns were recorded with an Empyrean diffractometer
(PANalytical) equipped with a copper lamp (40 kV, 40 mA).
The samples were mounted inside the Anton Paar TTK-450
sample chamber for nonambient X-ray diffraction experiments.
For the measurements, Ni-filtered Cu Kα (λ = 0.154 nm)
radiation was used and was detected with an X’Celerator 1D
detector in the Bragg−Brentano θ−θ geometry. The XRD
patterns were recorded over a 2θ range of 10−50° without
rotating the sample. EIS measurements were performed using a
potentiostat Autolab equipped with a frequency response
analyzer. EIS measurements were performed as a function of
applied bias and temperature.

3. RESULTS AND DISCUSSION
3.1. Effect of the Applied Bias. MAPbI3 single crystals

were grown using a recently reported procedure (for details, see
the Section 2).36 The electrical properties of a MAPbI3 single
crystal were studied using alternating current (AC) impedance
spectroscopy in the frequency range of 1 Hz to 1MHz under the
dark condition in the temperature range of 30−90 °C.
Additionally, a variable direct current (DC) voltage is applied
on the sample during the electrochemical impedance spectros-
copy (EIS) measurement. The impedance curves of theMAPbI3
single crystal are found to be strongly affected by the
measurement conditions. To perform temperature- and bias-
dependent EIS measurements, thin layers of silver (Ag) were
deposited on both sides of a MAPbI3 single crystal with

Table 1. Calculated Values of Activation Energy and
Electronic Defect Density for Perovskite Single Crystals

activation energy and trap density of MAPbI3 single crystals

activation energy measurements refs

0.624 eV (I−) (single
crystal)

temperature-dependent ion conductivity 29

0.45 eV (I−) 0.70 eV
(MA+) (single crystal)

polarization-induced current−voltage
hysteresis

30

0.58 eV (I−) first principles 28
2.31 eV (Pb2+)
0.84 eV (MA+)
0.82 eV (thin film) temperature-dependent ion conductivity 31
0.119 eV (MA+) Quasi-elastic neutron scattering

measurements and first-principles
analysis

32

0.53 eV (I−) temperature-dependent electrochemical
impedance spectroscopy (EIS)

26

0.51 eV (I−) temperature-dependent ion conductivity
from Warburg impedance

26

1.05 eV (single crystal) temperature-dependent ion conductivity 27
0.5 eV (thin film)
0.1 (I−) NMR spectra 20
0.43 eV (I−) (pellets) temperature-dependent ion conductivity 33
trap density of MAPbX3 (X = I, Br, Cl) single crystal using space-charge-
limited current (SCLC) regime

single crystals trap density (cm−3) refs
MAPbI3 5.8 × 109 35
MAPbI3 3.3 × 1010 18
MAPbCl3 3.1 × 1010 33
MAPbI3 1.4 × 1010 19
MAPbBr3 3 × 1010 19

Figure 1. EIS data of MAPbI3 single crystal at ambient temperature (303 K) as (a) a function of applied bias measured under the dark condition and

(b) capacitance( )ZIm(1 / )
ω plot as a function of applied bias in the frequency range of 1 MHz to 1 Hz.
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dimensions of 2.26 × 2.07 × 0.6 mm3. To confirm the validity of
results, we repeated each measurement several times under the
same conditions. All experiments were conducted on different
crystals from the same batch. We observed that the crystals have
different sizes even when crystallized from the same batch.
Therefore, in all further experiments, we use the measuring units
without any conversion factor.
First, we conduct the EIS measurement as a function of

applied DC bias at ambient temperature, as shown in Figure 1a.
The Nyquist plots of MAPbI3 crystals show a suppressed single
semicircle. The distortion in the semicircle is due to the
involvement of the physical process associated closely with the
low and high frequencies. To test the reproducibility of our
results, we measured the EIS response of other MAPbI3 crystals
and found similar behavior (see Figure S1). A decrease in the
radii of the semicircles was observed with an increase in the
applied bias from 0 to 1 V, which suggests that the applied
potential has a significant impact on the charge characteristics.26

In our previous works, we demonstrated that the EIS spectra
(Nyquist plots) of PSCs show two well-separated semicircles in
the dark and under illumination.37,38 These semicircles were
associated with the low- and high-frequency responses of the
devices. The high-frequency response is due to the recombina-
tion resistance and geometrical capacitance, whereas the low-
frequency response is due to the coupled response of ions and
charges.39 In the present case, we believe that the single
semicircle is due to symmetrical contacts and the single-crystal
nature of MAPbI3. In PSCs, the recombination takes place at
interfaces between the perovskite absorber layer and contacts
and at grain boundaries. In EIS, these features are observed in
the high-frequency region (105−106 Hz) and analyzed by the
real part of high-frequency impedance.37,38,40 However, no such
response is observed for MAPbI3 single crystals. It is possible
that the absence of grain boundaries, use of symmetrical

contacts, and dominant ionic response in the low-frequency
capacitance (<103 Hz) have suppressed the high-frequency
features of MAPbI3 crystals. To further test the occurrence of
Nyquist spectra with a central frequency in the range of <103 Hz,
MAPbBr3 single crystals were synthesized and measured. Figure
S2 shows the single semicircle Nyquist spectra for the MAPbBr3
crystal, confirming that the EIS spectra of the single crystal differ
from those found in PSCs. Figure S3 shows the resonance time
constant (τ) as a function of applied bias. The resonance time
(τ) is obtained using the expression τ = 1/ω(min), where (min) is
the angular frequency, corresponding to the minimum of
imaginary of complex impedance. We found that τ is affected by
the applied bias. Note that the obtained magnitude of τ in the
range of ms is too high in magnitude to explain the electronic
charge recombination, which generally occurs in the time scale
of μs. The origin of the τ in MAPbI3 single crystals is another
topic, which requires further discussion.
Figure 1b shows the capacitance vs frequency (C−F) plots as

a function of applied bias. Two distinguishing features of
capacitance corresponding to low- and high-frequency regions
are observed. In general, the capacitance at low frequency (<103

Hz) is associated with ion and charge accumulation or electrode
polarization, whereas the high-frequency capacitance is due to
geometrical capacitance.41 With the increase in the applied bias,
the low-frequency capacitance increases and also shifts to high
frequency. Neukom et al. analytically and experimentally
investigated the role of ion density and mobility in the C−F
plot of perovskites.42 It was concluded that a variation in the ion
mobility changes the transition frequency; the low-frequency
capacitance value increased with increasing ion density. Another
study revealed that a higher bulk conductivity leads to a higher
capacitance, which further increases with the applied bias and
illumination.43 Therefore, the obtained capacitance response at

Figure 2. Dark EIS measurement of the MAPbI3 single crystal at 0 V DC bias in the frequency range of 1 MHz to 1 Hz as a function of temperature
(313−363 K). Nyquist plots of the crystal (indicating approximately semicircles), by (a) increasing and (b) decreasing temperature. Apparent

capacitance( )ZIm(1 / )
ω of the crystal vs frequency curves, by (c) increasing and (d) decreasing temperature (the value of capacitance is increased with

increasing temperature in the low-frequency region <1000 Hz).
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the frequency (<103 Hz) of MAPbI3 crystals is said to be
influenced by the ion density and mobility.
To further investigate the change in the conductivity of

MAPbI3 crystals due to the applied bias, the value of resistance as
a function of applied bias is plotted (Figure S4). The value of
resistance was obtained from the real part of the impedance
spectra. We observe a gradual decrease in resistance with
increasing bias. This phenomenon is consistent with the recent
study by Moia et al., in which this behavior was described as the
“ionic-to-current amplification”, and mobile ions open the door
for the electronic charge transport.43 Figure S5a shows the
current−voltage (I−V) characteristic of the MAPbI3 crystal
measured under forward and reverse directions and the dark
condition at a scan rate of 100 mV s−1. The measured I−V
response exhibits the hysteresis feature. In perovskite solar cells,
the existence of hysteresis is very common and generally
assigned to the ionic nature of the perovskite semiconductor.
The difference in the current magnitude during I−V measure-
ments in forward and reverse directions (see Figure S5a)
confirms that the net electronic current is influenced by the ions.
Figure S5b shows the I−V plot of the MAPbI3 crystal as a
function of the voltage sweep rate. It was found that iodine ions
are responsible for hysteresis in PSCs due to its 4 orders higher
diffusion coefficient (10−12 cm2 s−1) compared to MA+ ions
(10−16 cm2 s−1).28,44 In the present case, the increase in
hysteresis is observed at a low scan rate. At a low scan rate, the
iodine ions have sufficient time to move through the perovskite
structure. Moreover, it is well established that the hysteresis
index is proportional to the magnitude of low-frequency
capacitance.45,46 From the observation of C−F and I−V
analyses, we conclude that the low-frequency capacitance and
hysteresis in the I−V curve are due to mobile ions.
3.2. Effect of Applied Temperature at Fixed Bias. To

study the effect of temperature on the EIS response of the
MAPbI3 crystal, the EIS spectra were collected at a range of
different temperatures (303−363 K) at 0 V bias under the dark
condition. Before the measurement, powder X-ray diffraction of
the MAPbI3 crystal was measured to ensure the structural
stability at applied temperatures. The temperature-dependent
powder X-ray diffraction (pXRD) analysis confirms the
structural stability of the MAPbI3 crystal after heating up to 90
°C (Figure S6). Moreover, we observed the tetragonal−cubic
phase transition between 323 and 333 K.47

The impedance responses in the form of Nyquist and C−F
plots as a function of temperature are shown in Figure 2. The
collected Nyquist plots exhibit a similar trend upon increasing
and decreasing temperatures, which indicates that the electronic
properties of the investigated crystal are stable under probed
temperature ranges. We observe a decrease in the semicircle
radius of the EIS spectra with increasing temperature (Figure
2a). Moreover, after plotting the Bode curves shown in Figure
S7, there is a shift in resonance frequency toward the higher-
frequency range with increasing temperature. The observed shift
suggests that there is a temperature-activated process.
Comparing our results with other reported works on EIS
studies of PSCs under different temperatures, the following key
observations are concluded:

1. In PSCs, the high-frequency resonance peak is generally
observed in the frequency range of 105−106 Hz and
mainly assigned to the recombination resistance and
geometrical capacitance.38,40 In the present study on the
MAPbI3 crystal, the frequency resonance peak was

observed in the range of 102−103 Hz and there is no
peak in the frequency range of 105−106 Hz.

2. According to the recent report by Garciá-Rodriǵuez et al.
on the role of bromide content in iodine migration, the
temperature has a least impact on the high-frequency
spectra (105−106 Hz).40 In turn, the maximum shift at
low- andmid-frequency (102−103Hz) spectra is observed
with change in temperature. Consistent with the finding
of the mid-frequency (102−103 Hz) spectra of PSCs, the
MAPbI3 crystal also shows a similar temperature-
dependent behavior in the same frequency range. The
shift in the probed frequency range is seen by plotting the
variation of τ against temperature, as shown in Figure S8.

These results suggest that the EIS response of PSCs is
different from that found in single crystals, where the net
capacitance response in the frequency range (<103 Hz) is mainly
governed by the mobile ions in the later case. Note that
parameters such as capacitance, resonance time, and impedance
are found to be temperature- and voltage-dependent. Under-
standing the effect of these parameters can provide a way to
design and optimize perovskite crystals, which are employed for
various optoelectronic applications, while the conventional
electrical DC measurements, which are mainly employed for
electrical measurements, remain limited in this regard. After
establishing the fact that the EIS response of crystals is due to
ionic capacitance coupled to a resistance, in the next step, we
calculate the activation energy of ions and electronic density of
defects.
Figure 2c,d shows the frequency-dependent capacitance plots

at different temperatures. No significant difference is observed
between the C−F curves measured upon increasing and
decreasing temperature cycles. As expected, the capacitance in
the low-frequency region increases with increasing temperature.
From the obtained C−F plot, a change in inflection frequencies
( f 0) in the range of 10

1−102 Hz is observed. Figure 3 shows the

plots of ln( f 0) vs 1/T. By taking the slope of these curves,
activation energies of 0.53 ± 0.17 and 0.54 ±0.14 eV during
heating and cooling of the MAPbI3 crystal were obtained,
respectively. A small difference in the value of activation energy
for the MAPbI3 crystal was observed during the heating and
cooling measurement. This might be due to the local lattice
distortion connected with the tetragonal−cubic phase tran-
sition. In the literature, point defects due to the ion migration in
MAPbI3 have been related to the activation energy ranging from
0.1 to 0.6 eV, which depends on the applied characterization
method and material crystallinity (Table 1).26,28,48,49 The

Figure 3. Arrhenius plots of the inflection frequencies vs 1000/T (ln
( f 0) vs 1000/T) during increasing and decreasing the temperature of
the MAPbI3 single crystal. Eact is the activation energy for the traps.
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obtained activation energy corresponds to the ion migration,
which further confirms our results that the associated
capacitance in the low-frequency range (<103 Hz) is due to
mobile ions. Very recently, Almora et al. have studied the
temperature-activated low-frequency capacitance (<101 Hz) for
PSCs and attained ∼1021 eV−1 cm−3 density of states (DOS).50

It was stressed that such a high value of DOS is hardly connected
to ionic or electronic defects levels.
To calculate the electronic trap states in the crystals, a well-

established space-charge-limited current (SCLC) for perovskite
crystals is used.18,19,22,35 To quantify the electronic defect
density in MAPbI3 crystals, dark current−voltage (I−V)
measurements as a function of temperature were carried out.
As shown in Figure 4, the I−V characteristic of the crystal
exhibits different slopes at different bias. In the low applied bias,
a linear region is observed that causes a sharp rise (IαVn>3) at a
high applied bias. This voltage is called the kink point or trap-
filled limit voltage (VTFL).

51 By considering a linear dependence
between trap density (ηtraps) and VTFL, the defect density is
calculated using the given expression

V
eL

2
traps

0 TFL
2η

εε
=

(1)

where e and ε0 are the elementary charge (1.6 × 10−19 C) and
vacuum permittivity (8.854 × 10−12 F m−1), respectively, and L
and ε are the thickness of the crystal (∼0.6 mm) and dielectric
constant (28.8)52 of the MAPbI3 single crystal, respectively. We
calculated VTFL for each cycle and estimated the trap density.
The average value of ηtraps equals 0.96 × 1010 cm−3, which is in
agreement with the previous study.18 Interestingly, the trap
density is significantly lower than that found in the well-known
inorganic semiconductor like single crystals of CIGS,53 CdTe,54

or Si.55 It should be noted here that the appliedmethod is mainly
associated with the electronic defect level. To elucidate the role
of ions in the electronic trap states, we measure the I−V
hysteresis and calculate the trap density (see Figure S5c). From
the obtained plot, hysteresis behavior confirms that the change
in current is due to ions and has a negligible effect on the trap
density. This signature requires further electrical or optical
characterization to clearly elucidate the role of ions on trap
defect density. Our results confirm that the MAPbI3 single
crystal has a very high quality with very low defect density, which
is required for high-performance photoelectronic devices such as
the photodetector.

4. CONCLUSIONS
In conclusion, we systematically studied the electrical properties
of single-crystalline MAPbI3, such as resistance, capacitance,

defect density, and activation energy levels. Detailed bias- and
temperature-dependent studies revealed that the low-frequency
capacitance values are influenced by the ion density and
mobility. We found that electrical parameters such as
capacitance, resonance time, and impedance are temperature-
and voltage-dependent. The calculated activation energy values
in the range of 0.53−0.54 eV correspond to ion migration. The
MAPbI3 crystal depicts an exceptionally low electronic trap
density of 0.96 × 1010 cm−3. These findings are helpful to
understand the fundamental electrical properties of single-
crystalline MAPbI3.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343.

Nyquist plots of a MAPbI3 and MAPbBr3 single crystals;
relaxation time constant; real impedance; I−V curves
under forward and reverse bias; temperature-dependent
powder X-ray diffraction (pXRD); phase−frequency
Bode plot; and Arrhenius plots of time constant vs
1000/T of MAPbI3 single crystal (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Daniel Prochowicz − Institute of Physical Chemistry, Polish
Academy of Sciences, Warsaw 01-224, Poland; orcid.org/
0000-0002-5003-5637; Email: dprochowicz@ichf.edu.pl

Pankaj Yadav − Department of Solar Energy, School of
Technology, Pandit Deendayal Petroleum University,
Gandhinagar 382 007, Gujarat, India; Email: Pankaj.yadav@
sse.pdpu.ac.in, pankajphd11@gmail.com

Authors
Abul Kalam − Department of Chemistry, Faculty of Science and
Research Centre for Advanced Materials Science (RCAMS), King
Khalid University, Abha 61413, Saudi Arabia

Rashmi Runjhun − Institute of Physical Chemistry, Polish
Academy of Sciences, Warsaw 01-224, Poland

Apurba Mahapatra − Department of Physics & Astronomy,
National Institute of Technology, Rourkela 769008, India

Mohammad Mahdi Tavakoli − Department of Electrical
Engineering and Computer Science, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, United States;
Department of Materials Science and Engineering, Sharif
University of Technology, Tehran 14588, Iran; orcid.org/
0000-0002-8393-6028

Figure 4. Trap density measurement for the MAPbI3 single crystal. Temperature-dependant dark current−voltage responses of the crystal by (a)
increasing and (b) decreasing the temperature.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b11343
J. Phys. Chem. C 2020, 124, 3496−3502

3500

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11343/suppl_file/jp9b11343_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11343/suppl_file/jp9b11343_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Prochowicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5003-5637
http://orcid.org/0000-0002-5003-5637
mailto:dprochowicz@ichf.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pankaj+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:Pankaj.yadav@sse.pdpu.ac.in
mailto:Pankaj.yadav@sse.pdpu.ac.in
mailto:pankajphd11@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abul+Kalam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rashmi+Runjhun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apurba+Mahapatra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Mahdi+Tavakoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8393-6028
http://orcid.org/0000-0002-8393-6028
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suverna+Trivedi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11343?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11343?ref=pdf


Suverna Trivedi − Department of Chemical Engineering, School
of Technology, Pandit Deendayal Petroleum University,
Gandhinagar 382 007, Gujarat, India

Hadi Tavakoli Dastjerdi − Department of Materials Science and
Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; orcid.org/0000-0002-
8925-5493

Pawan Kumar − Department of Physics & Astronomy, National
Institute of Technology, Rourkela 769008, India
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