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Abstract

As halide perovskite materials have emerged at the forefront of optoelectronics development, there
is an ongoing need to understand their underlying physics and control their emergent properties.
Electrochemistry shows promise to both access fundamental parameters of perovskites and to
enhance their performance through doping. However, halide perovskites pose a significant
challenge to solution-based electrochemistry, as both aqueous solutions and organic solvents are
often destructive to thin films of these materials. This work provides a perspective of recent
approaches to electrochemical measurements and modifications of halide perovskites with a
specific focus on stability and doping. We also report the electrochemistry of methylammonium
lead iodide (MAPbI) thin films relevant for solar applications with a solvent toolkit based on
hydrofluoroethers. Both oxidation and reduction peaks are revealed from electrochemical
characterization exhibiting the characteristic HOMO/LUMO levels and additional features. This
electrochemical driving is found to have little impact on the photoluminescence or underlying
morphology of the thin films. Finally, electrochemical lithium salt doping with this solvent toolkit
enhanced the conductivity of a thin film device by nearly two orders of magnitude, demonstrating

the utility of this approach for optoelectronic applications.



1. Introduction
1.1 Overview

Halide perovskites are under intense study for their beneficial electronic and optoelectronic
properties, including high carrier mobility, tunable bandgap, charge storage capacity, and high power
efficiency for solar conversion!? and electroluminescence.** These favorable transport®”’ and optical®!!
properties are tied to their underlying electronic states that can be modulated by choosing cations, halide
anions, dopant molecules, and structure. Ultimately, rational optimization of halide perovskites necessitates
understanding the impact of composition and morphology on energy band levels.

Electrochemistry offers a powerful means of accessing the fundamental energetics of halide
perovskites. Voltammetry, amperometry, and impedance spectroscopy can be leveraged to reveal frontier
and excited state orbitals, defect and dopant states, densities of states, electron and hole transfer rates,
conductivities, dielectric constants, and equivalent circuits. Another benefit of perovskite electrochemistry
is doping. There are fruitful synthesis-based approaches to doping perovskite materials, such as through
nonstoichiometric combinations of perovskite precursors or the inclusion of trivalent ions during

synthesis.'>'” Electrochemical approaches offer unique benefits over traditional synthetic approaches. 824

Voltage and time may be controlled precisely to access specific chemical transitions and smoothly vary
resulting modifications. Furthermore, measuring the voltammograms through the doping process enables
rapid feedback of evolving doping processes. Electrochemical modification of perovskites also decouples
crystal formation and doping, as doping can be performed after forming the thin film or crystal sample.
However, it is challenging to perform electrochemistry on thin films of halide perovskites, as both
aqueous and organic solvents can disrupt the structure or dissolve the film. Nonetheless, approaches are
emerging to perform electrochemistry with minimal damage to the perovskite. This work provides a
perspective of progress in perovskite electrochemistry with a specific focus on stability and doping.
Subsequently, we disclose our recent experimental results with a hydrofluoroether (HFE) solvent toolkit.
We perform cyclic voltammetry (CV) of a methylammonium lead iodide (MAPbI3) thin film in this HFE

electrolyte solution, identifying characteristic oxidation and reduction features. Subsequently, the impact



of electrochemical oxidation and reduction on photoluminescence (PL) and morphology (SEM) are

explored. Finally, the HFE solvent toolkit is leveraged to dope a MAPDI; thin film electrochemically.

1.2 Perspective of Progress

Jiang et al. performed electrochemical measurements and doping of a composite perovskite film.'®
The film, composed of CsPbBr3, conductive carbon black, and polyvinylidene fluoride (PVDF),
was prepared on a copper foil and utilized as the working electrode for CV. The electrolyte was a
mixture of 1.0 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) in 1,3
dioxolane/dimethoxyethane in a 1:1 volume ratio. The resulting CV is shown in Figure 1 for a scan
from 2.8 V to 0.05 V against a Li/Li" reference. A clear and highly reversible cathodic peak was
visible at 0.93 V, consistent with electrochemical reduction. Scanning electron microscopy (SEM)
and X-ray diffraction (XRD) studies showed that the CsPbBr3 crystals evolved a rougher surface
morphology from electrochemical doping but retained the same overall orthorhombic crystal
structure. Reversible electrochromic behavior, from yellow to black, was observed from the
lithium doping process. Other lithium salts, such as LiClO4 and LiCF3SOs, were reported as
compatible, as were other perovskites, such as CsPbBr,Cl, CH3NH3PbCl;, and CsPb(SCN).Br.
Thus, a straightforward electrochemical approach was established, enabling the measure and
doping of perovskites with a minor impact on the composite film morphology. In follow-up
work,!” members of this group demonstrated that this lithium doping was shown to lead to
diamagnetic behavior in CsPbBrs; crystals, with a critical temperature of 7.17 K. A 15 nm blueshift
in the PL upon doping was attributed to the Burstein—Moss effect, and a fourfold enhancement

in photocurrent from lithium doping was also observed.
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Figure 1. CV (10 mV/s scan rate) of a CsPbBr3; composite electrode vs Li/Li". The arrows indicate

the scan direction. Reproduced with permission from Ref. 18. 2017 American Chemical Society.

Vicente and Garcia-Belmonte carefully studied the uptake and release process of lithium
doping in a methylammonium lead bromide perovskite matrix.?! Perovskite anodes were formed
by mixing CH3NH3PbBr3, carbon black, and PVDF, and coating the slurry on copper foil. They
performed electrochemical doping and measurements with an electrolyte of 1 M of
hexafluorophosphate lithium salt dissolved in ethylene carbonate, ethyl-methyl carbonate, and
dimethyl carbonate at a 1:1:1 volume ratio. Their CV results of lithium doping are shown in Figure
2. CV revealed redox peaks related to Li* insertion at 0.49 and 0.27 V vs. Li/Li", and Li" extraction
at 0.65 and 0.75 V. The redox response was shown to be highly reversible over four cycles.
Furthermore, electrochemical cycling produced a ~0.3 eV increase in the binding energies of the
characteristic Pb 4f and Br 3p levels as measured from XPS, and this shift reversed on delithiation.
Likewise, the lattice constant as measured by XRD showed a slight increase with lithium doping.
Thus, it was argued that lithium doping occurred by topotactic insertion into the perovskite with

minimal impact on the overall perovskite structure.
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Figure 2. CV voltammograms of CH3NH3PbBr3 electrodes for the first four cycles compared to a
PbBr; electrode. Reproduced with permission from Ref. 21. 2017 American Chemical Society.

Dawson et al. utilized a combination of density functional theory (DFT) and
electrochemistry coupled with diffraction to understand the fundamentals behind lithium uptake
reactions and perovskite electrochemical performance.?’ DFT was performed with the ab initio
code VASP with the PBEsol exchange-correlation functional on CH3NH3PbX3 perovskites, where
X is a halide. Lithium intercalation voltages were found to be highly dependent on the specific Li
concentration, perovskite halide, and perovskite structure, ranging between 0 to 1.4 V. The
electrochemical discharge profile of CH3NH3PbBr3 revealed a specific capacity for discharge of
1343 mA h g !, and the charge passed correlated with 2.4 Li* ions per perovskite molecule, well
beyond the intercalative limit. Powder x-ray diffraction studies showed evidence for the formation
of Pb-rich byproducts. It was ultimately postulated that LiPbX>, LiX, Pb, and CH3NH3X products
were formed. The reaction energies for the degradation products for each halide perovskite were
calculated, and the LiX + Pb + CH3NH3X reactions were found to be energetically favorable to
the desired intercalation product for all halides and substantially halide-dependent. This study
helped explain the relative performance of CH3NH3PbX3 anodes by clarifying atomic-level

mechanisms.



In order to establish the bounds of electrochemical stability of inorganic CsPbBr; and
hybrid organic-inorganic methylammonium lead iodide (MAPbI3) perovskites, Samu et al.
performed spectroelectrochemistry coupled with microscopic characterization.?* Perovskite films
were immobilized on TiO;-coated fluorine-doped tin oxide (FTO), and dichloromethane with
tetrabutylammonium hexafluoride was used as the electrolyte. For CsPbBr3, a sharp oxidation peak
near 0.8 V increasing 518 nm absorption and a broad peak beginning near 1.3 V decreasing 518
nm absorption were observed versus an Ag/AgCl reference. A single reductive peak was seen near
—1.4 V vs. Ag/AgCl that decreased 518 nm absorption. XPS and XRD analysis revealed that Pb
and PbO were formed during the reductive sweep, whereas CsPF¢ was formed on oxidation. For
MAPDI;, spectroelectrochemistry revealed two oxidation peaks and one reduction step at +0.8 V,
+1.1 V, and —0.75 V vs. Ag/AgCl, respectively, while a cathodic shoulder was seen at —0.95 V.
All of these peaks decreased the characteristic absorbance at 470 nm. Films were considerably less
stable, and similar oxidation and reduction byproducts were proposed for MAPbI; and CsPbBrs3.
Ultimately, electrochemical windows of —1.0 to +0.6 V vs. Ag/AgCl for CsPbBr3 and —0.65 to
+0.55 V vs. Ag/AgCl for MAPDbI; were concluded as best practice for the electrolytes used.

Mulder et al. coupled spectroelectrochemistry and electrochemical transistor
measurements to dope CsPbBr; nanocrystals electrochemically.?> The perovskite nanocrystals
were deposited on thiol-terminated self-assembled monolayers on ITO and subsequently
crosslinked. They were electrochemically interrogated in an electrolyte solution of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) in propylene carbonate. The cell used a
silver wire pseudo reference electrode and a platinum sheet counter electrode. Concerning
electrochemical stability, potentials more negative than —0.6 V versus NHE induced significant

irreversible optical changes to the films, while potentials more positive than +0.9 V versus NHE



induced irreversible bleaching of the films and quenching of the PL indicative of degradation.
However, the positive potentials simultaneously produced a reversible increase in conductivity as
measured by electrochemical transistor operation, indicating reversible p-doping of the
nanocrystals. In support of these stability observations, DFT calculations showed that while
injected holes remained delocalized in the valence band, injected electrons localized on Pb**. The
standard reduction potentials of possible degradation reactions were estimated, with reduction of

Pb?" to Pb? shown to be particularly accessible, and oxidation of Br~ just beyond the valence band.

1.3 A Solvent Toolkit for Perovskite Electrochemistry

Our electrochemical characterization and doping approach utilizes a modular solvent toolkit based
on hydrofluoroethers (HFEs). These highly fluorinated fluids offer alternative performance to
typical polar and nonpolar solvents, behaving like an “orthogonal solvent”.> HFEs can
alternatively process organic, inorganic, and hybrid electronic materials without degradation.?* >
27 We applied this solvent toolkit approach to characterize methylammonium lead iodide
perovskite films electrochemically.”> A 3% v/v solution of diethyl carbonate in HFE 7100
hydrofluoroether was used to dissolve 0.1 M LiTFSI for the electrolyte. CV revealed an anodic
peak at 4.96 V vs. Li/Li" and a cathodic peak at 4.65 V vs. Li/Li". A highest occupied molecular
orbital energy level of —5.64 eV was found in agreement with literature reports. Moreover, solution
processing with this solvent toolkit did not alter the photovoltaic performance of solar devices.
Solar cells with buckminsterfullerene (Ceo) and bathocuproine (BCP) transport and blocking layers

were fabricated, and the power conversion efficiency (13.5%) was unaffected by 5 min treatment

in the HFE mixture followed by rinsing to remove excess salt. Thus, the HFE solvent toolkit was



demonstrated as a promising nondestructive approach for characterizing and processing perovskite

thin films specifically prepared for solar applications.

2. Material and methods

2.1 Perovskite Ink Solution Preparation

A 1:1:1 molar ratio, 1 M perovskite ink of lead iodide, methylammonium acetate, and
methylammonium iodide was prepared as described previously.?® Lead (II) iodide (Tokyo
Chemical Industry, 99.99%) was dissolved in anhydrous N, N-dimethylformamide (Sigma-
Aldrich, 99.8%) by stirring at 700 rpm at 70 °C for 30 mins followed by room-temperature addition
and stirring of methylammonium iodide (Lumtec, 99.5%) and methylammonium acetate (Greatcell
Solar Materials), respectively. The solution was stirred for one hour and was filtered using a nylon

syringe filter (0.22 um pore size, Aireka Cells) immediately before spin coating.

2.2 Device Fabrication

Prepatterned ITO/glass substrates (150 nm, ~20 Q sq ') were purchased from Thin Film Devices,
Inc. These slides were cleaned in a sequence of non-ionic detergent wash, water bath sonication,
and UV ozone treatment. The filtered perovskite ink was dispensed at the center of the substrate
and was spin cast (SCS Spincoat G3P-8) with a 5 s ramp time and 60 s spin duration followed by

100 °C annealing for 10 mins (04644 Digital Hotplate, Cole Palmer).

2.3 Electrochemical Testing
A three-electrode configuration was used for electrochemical measurements with a non-aqueous

Ag/AgCl reference electrode (eDAQ, Inc.) and a platinum wire as a counter electrode. The



electrolyte was prepared by dissolving 0.1 M LiPFs (battery grade, > 99.99% trace metals basis)
in diethyl carbonate (DEC, anhydrous, > 99%, Sigma-Aldrich). The mixture was then added to a
HFE solvent (3M Novec 7500, 3-Ethoxyperfluoro(2-methylhexane)) that had been previously
degassed by bubbling argon gas for 60 mins. Electrochemical measurements were performed on a
vibration isolation table using a CHI750D Electrochemical Analyzer and a CHI684 multiplexer

under argon atmosphere. An optimum sweep rate for CV was found to be 10 mV s '.

2.4 Electrochemical Doping and Electrical Conductivity Measurement

MAPDI; was deposited by spin coating on an ITO (90nm) coated glass substrate using a 1:1:1
molar ratio of 1 M solutions of lead iodide, methylammonium acetate, and methylammonium
iodide solution as described.?® Deposition was performed in a No-filled glovebox (0% relative
humidity), followed by annealing at 100° C for 5 min in a 45% relative humidity environment.
After annealing, samples were divided into two pieces for electrochemical doping and stored in a
N> glovebox. Electrochemical doping was performed inside the argon glovebox as described in
Section 3.3. A 50 nm thick film of Au was deposited using a Trovato 300C thermal evaporator
(located inside the N> glovebox) on both the undoped reference samples and doped samples in a
single session to ensure identical film thickness and process parameters. -V measurements of
these MAPDI; films sandwiched between ITO and Au (as shown in the inset of Figure 5) were

performed in a N> glove box with a Keithley 2400 sourcemeter.

2.5 PL Spectra
PL spectra measurements were performed in a microscope-based photoluminescence (pu PL)

system. The MAPDI;3 thin films were excited by 400 nm laser pulses from a pulsepicked, frequency



doubled femtosecond Ti:sapphire oscillator (Coherent MIRA) at a power of 5 uW. A laser beam
was focused on the sample by a Leica air microscope objective (32%, 0.6 NA). The PL signal was
emitted into the collection aperture of the lens and sent to the system. The collected emission was

passed through a spectrometer and directed to a CCD camera for a spectral analysis.

2.6 Scanning Electron Microscopy (SEM)
Secondary electron SEM images were taken with a Zeiss Supra-40 SEM using an in-lens detector

at an accelerating voltage of 10kV.

3. Results and Discussion

3.1 CV of MAPbI; in HFE

el | b) 10 T T T T c)
Peak Potential Energy
08 [vs Ag/AgCl]  [eV]
0.6 2" Red -0.83 -3.85
0.4 15 Red —0.48 —4.20
0.2 1% Ox 0.63 -5.31
o 214 Ox 0.98 566

1.0 -05 0.0 0.5 1.0
Voltage (V vs. Ag/AgCl)

Figure 3. (a) Images of MAPDI;3 thin films on ITO/glass substrates. (The film was removed from
the square outer contact pads before measurement.) (b) CV (10 mV/s) of a MAPDbI3 thin film in
HFE electrolyte. This spectrum has been processed with a linear baseline correction. (¢) Summary

of the first and second major oxidative and reductive peaks obtained from the CV of Figure 3b.

Thin films of MAPbI; were prepared in the characteristic black form?® associated with solar

cell applications, as shown in Figure 3a. We recorded the broad CV signal associated with



electrochemistry from a MAPDI; thin film using a HFE solvent toolkit electrolyte solution, as
shown in Figure 3b. 0.1 M LiPF¢ in HFE7500:DEC (95:5 v/v) was used for the electrolyte, and
CVs were recorded at a 10 mV/s scan rate. Four prominent peaks are apparent, with additional
smaller peaks and shoulders as well. The potentials for each of the four dominant peaks are
presented. These peaks show good agreement with those previously reported in literature.?*2* The
second oxidation peak (at —5.64 eV) is in excellent agreement with our previous report>> of the
highest occupied molecular orbital (HOMO) peak for MAPbI; (at —=5.66 ¢V) and likewise in good
agreement with ultraviolet and x-ray photoelectron spectroscopy measurements.>=? Furthermore,
although not discussed, close inspection of the electrochemistry prior work?’ reveals a small peak
in the vicinity of the second reduction peak shown here in Figure 3 (—3.85 e¢V), which is attributed
to the LUMO. Concerning other dedicated electrochemistry reports, our measurements agree well
with the report of Samu et al. for all four peaks shown, within 0.2 eV for all peaks and within 0.04
eV for second oxidation and reduction features.?* Three of these peaks bear a strong correlation
with the CsPbBr; peaks reported by Mulder et al.:?? the first reduction peak at -4.20 eV, the first
oxidation at —5.31 eV, and the second oxidation peak already noted. The first reduction peak has
been attributed to reduction of the Pb*" to Pb°, while the oxidation peak has been credited to the
oxidation of the halide anion. The additional peaks may be characteristic of the microstructure
features associated with the black films,?® particularly those arising from the diammonium alpha
phase. Thus, this solvent toolkit supports measure of the oxidative and reductive sweeps,

identification of characteristic peaks, and observation of subtle details of the film.

3.2 PL and SEM Stability Characterization
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Figure 4. (a) PL of thin MAPbIz films before and after voltage sweeping to various
electrochemical potentials versus Ag/AgCl. (b) Scanning electron microscopy images of thin
MAPDI; films before and after voltage sweeping to various electrochemical potentials versus

Ag/AgCl. The scale bars are 200 nm.

Subsequently, we characterized the impact of electrochemical characterization with the
HFE solvent toolkit on the optical and morphological properties of the MAPbI; thin films. We
investigated the changes from sweeping the voltage from 0 V versus a Ag/AgCl reference to each
of the four major peaks (two oxidative and two reductive) noted from electrochemistry and
compared to the properties of a pristine film that had not been electrochemically driven. In Figure
4a, the PL spectra of MAPDI; films before and after electrochemical testing are shown. The
excitation wavelength was 400 nm. The pristine film shows a single peak of roughly Gaussian
shape centered near 770 nm, with a full width at half maximum (FWHM) of 29 nm.
Electrochemical testing induced very little change, with a slight 4-5 nm blueshift consistent with

18.19.33 and little change to the FWHM. Thus, electrochemical sweeping had

lithium ion uptake
minimal impact on the emission properties.

In Figure 4b, we investigated electrochemically-induced changes to the morphology of the

MAPDI; films. A characteristic pattern with ~100-300 nm crystal domains is evident in the pristine



film. This overall structure is preserved in the films that were measured electrochemically to
various voltages in the solvent toolkit. Some additional image contrast is present in the
electrochemically-driven films, which is likely due to a combination of charging, salt deposits, and
possible precipitates from the electrochemical driving. The most notable contrast changes are seen
in the film biased to 1.05 V versus Ag/AgCl. Regardless, the SEM images reveal an overall

preservation of the underlying structure of the perovskite film.

3.3 Electrochemical Doping

Finally, we demonstrate electrochemical doping of a MAPDI; film with our solvent toolkit.
A 50 nm thick MAPDI; film on ITO was used as a working electrode with Li metal wire and Li
metal mesh as the reference and counter electrodes, respectively. A constant current at 0.2 pA/cm?
was applied for 300 s in a three-electrode scheme in 0.1 M LiTFSI in HFE7100:DEC (97:3 v/v)
electrolyte. After doping the 50 nm MAPbI3 film, the sample was removed from the electrolyte,
rinsed in clean HFE7100 for 30 seconds, and dried with a gentle argon flow. Subsequently, a top
Au metal electrode was deposited, and the current-voltage properties of the resulting device were
measured and compared with that of the reference sample without doping (Figure 5). The reference
device has a Shottky diode rectifying behavior, while the charged sample showed Ohmic behavior
with absolute current values approximately two orders of magnitude higher than that of the
reference device. Thus, electrochemical doping with lithium salts from a solvent toolkit can

significantly enhance device conductivity, beneficial for optoelectronic applications.
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Figure 5. Current-voltage characteristics of doped and reference MAPbDI3 films. The inset shows

the device stack and a linear plot of the current.

4. Conclusion

Electrochemistry of perovskites has shown promise for revealing key energy levels of the
system, identifying failure modes, and enabling doping for enhanced electronic and optoelectronic
applications. Here, with a HFE solvent toolkit, we identify the first four prominent
electrochemistry peaks of MAPDI3, particularly the peaks associated with the HOMO and LUMO.
This electrochemistry is shown to have minimal impact on the PL. and morphology of MAPbI3
thin films. Electrochemical doping with the HFE electrolyte and a lithium salt increased the
conductivity of a MAPbI3 device by nearly two orders of magnitude. Thus, electrochemistry with
a HFE solvent toolkit enables the stable measure and doping of perovskites for enhanced

understanding and operation of electronics and optoelectronics.
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