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In the last decade, the most investigated perovskite materials are the hybrid organic-inorganic per-
ovskites (HOIPs) due to their optoelectronic properties and possible application in the production of pho-
tovoltaics. This interest has led to an ongoing search for new HOIP variants, alongside thorough investi-
gations of the properties of existing HOIPs. That is why our research in the field of organic-inorganic
perovskites is aimed at the synthesis, characterization, and investigation of the electrochemical properties
of dimethylammonium lead iodide (DMAPbIs) using voltammetric studies. A modified synthesis of
DMAPDI3, differing slightly from the one described in the literature, was performed by combining stoi-
chiometric amounts of lead iodide (Pbl,) and dimethylammonium iodide (DMAI) dissolved in acetoni-
trile. After conducting controlled evaporation, a yellow crystalline powder of DMAPDbI; was obtained.
The identity and purity of the obtained compound were confirmed by powder X-ray diffraction (PXRD),
infrared (IR) and Raman spectroscopy, and scanning electron microscopy (SEM) with energy dispersive
X-ray spectroscopy (EDX). Investigations on the electrochemical properties of DMAPbI 3 by cyclic volt-
ammetry were performed with dichloromethane (DCM) and tetrabutylammonium chloride (TBAC) as the
electrolyte. A paraffin-impregnated graphite electrode (PIGE) was used as a working electrode, on which
the perovskite microparticles were immobilized. The electrochemical activity of DMAPbI; is recognized
through an intense, broad, and irreversible anodic peak attributed to the oxidation of the constituents to
different possible products and the decomposition of the perovskite structure.

Keywords: dimethylammonium lead iodide; cyclic voltammetry; PXRD; vibrational spectroscopy;
SEM-EDX

CHUHTE3A, KAPAKTEPU3AIIUJA 1 BOJITAMETPUCKO UCTPAXKYBAIBE
HA IEPOBCKHUT HA TMMETNJIAMOHUNYM OJIOBO JOAN [

Bo nocnennaBa genieHnja HajUCTPaKyBaHNUTE IEPOBCKUTHHA MaTEePHjaliil € XHOPUIHUTE OPTaHCKO-
Heoprancku nepoBckuté (HOIPs) mopaay HUBHHTE ONTOENEKTPUYHM CBOjCTBA M MOXKHATa NPHMEHA BO
MIPOU3BOJICTBOTO Ha (oTOBONTANIM. VIHTEpeCcOoT 3a HUB AOBEAE 70 MOCTOjaHo Oapame HOBM BapHjaHTH Ha
HOIPs, ucroBpemeHo cO JeTalHM HCTpaXyBama Ha CBOjCTBAaTa Ha BEKE IIOCTOJHHTE. 3aToa HAIIETO
HCTpaXyBamkbe BO o0jacTa Ha OpPraHCKO-HEOPraHCKUTE IIEPOBCKUTH € HAacO4YeHO KOH CHHTE3a,
KapakTepu3aluja U HCTPAXyBarme Ha €JIEKTPOXEMHCKUTE CBOjCTBAa HA JMMETHIAMOHHYM OJIOBO jOAWJ
(DMAPDI3) co mprMeHa Ha BONTAMETPHCKO MpOydyBame. 3a Taa uen Oelle W3BeqeHA MOAU(UIMpaHa
cuaresa Ha DMAPbDI3, manky pasnuyHa on Taa oONMIIaHa BO JIMTEpaTypara, TPTHYBajKH O]
CTEXMOMETPHUCKH KosimuecTBa Ha osoBojoaun (Pbly) u numernnamonuymos joaun (DMAI) pactBopenn
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BO aneToHUTpHiI. CO KOHTPOJIUPAHO HMCHapyBame Oeme T0OueH JKONT KpucTaleH mnpamok ox DMAPDIs.
Wpentureror M uucrorara Ha JOOMEHOTO coelMHEHHE Oea IOTBPICHHM CO IIPAIlKOBHA PEHATCHCKA
mappakuuja (PXRD), uadppanpeena (IR) m pamaHcka CIEKTPOCKONHMja M CKEHHpayka eJIeKTPOHCKa
Mmukpockonuja (SEM) co eneprerck0-aucnep3rona penarencka cnekrpockonuja (EDX). UcrpaxyBama
Ha eJeKTpoxeMHcKuTe cBojctBa Ha DMAPDIz co nukimuna BontameTpuja 0Oea W3BEIEHH BO
muxinopomeran (DCM) u rterpabyrunamonnym xiopua (TBAC) kako enextponut. Kako paborha
eNleKTpoaa Oemre KopucTeHa rpaduTHa enekTpona ummperaupana co napadus (PIGE), na koja Gea
MMOOMIIN3UPAaHN MHUKPOYECTHYKH O]l TIePOBCKUTOT. Enekrpoxemmckata aktuBHOCT HAa DMAPDI; Gemre
3a0ene)kaHa MPeKy €ICH MHTEH3WBEH, IIUPOK W WPEBEP3NOMIICH aHOJCH UK, KOj M Ce NPUIHIITYBa Ha
OKCHAAIMjaTa HAa KOHCTHTYCHTHUTE IO pa3IWYHH MOXXHH IPOLYKTH CIIEAEHA CO DPA3JOXKyBame Ha

MIEPOBCKUTHATA CTPYKTYpa.

Kiay4yHu 300poBH: THMETHIAMOHHYM OJIOBO jOIIU; TUKIMYHa Bontametpuja; PXRD;

BuOpanmoHa cniekrpockonuja, SEM-EDX

1. INTRODUCTION

Over the past few decades, perovskite-type
compounds (ABX3) have become the focus of ex-
tensive research. The significant scientific attention
directed towards these compounds arises from their
adaptability, specifically in terms of composition
and structure, giving rise to a multitude of valuable
and distinctive characteristics that have diverse
applications across various technical domains.*
Perovskites have found applications in various
fields, with their most notable breakthroughs oc-
curring in the field of photovoltaics. Beyond pho-
tovoltaics, perovskites also exhibit many interest-
ing properties, facilitating their use in other areas
such as light-emitting diodes (LEDs), sensors,
catalysts, and superconductors.*

As mentioned, the key feature of perovskites
is their remarkable structural flexibility, which al-
lows for the incorporation of a wide range of ele-
ments into the perovskite structure, resulting in a
diverse family of materials.> Traditionally, the field
of materials chemistry has been divided into organic
and inorganic systems. However, in the last few
decades, a new class of materials, often referred to
as hybrid organic-inorganic frameworks, has at-
tracted considerable attention as their vast structural
and chemical diversity leads to potential technologi-
cal applications beyond either purely organic or in-
organic systems.®” Hybrid organic-inorganic perov-
skites (HOIPs) are a subclass of the perovskite fami-
ly, in which the A-site is occupied by an organic
cation, the B-site contains a divalent metal cation,
and in most cases, the X-site contains a halogen an-
ion. Research into HOIPs has attracted a lot of atten-
tion recently in both the materials science and re-
newable energy communities, a consequence of
their intriguing properties, which leads to applica-
tions in solar cell construction. In this respect, the
most investigated HOIP is methylammonium lead

iodide (MAPbIs).8 The cubic perovskite structure of
MAPbX; (X =1, Br, and CI) was first reported by
Weber in 1978.° However, studies of these materials
for optoelectronic devices did not start until the
1990s. Developed by Mitzi et al. at IBM,°*! a range
of semiconducting perovskite-like materials with
remarkable structural versatility have been innovat-
ed for applications in optoelectronics, including
light-emitting diodes (LEDs) and transistors.*>!* On
the other hand, the exceptional utility of hybrid hal-
ide perovskites for photovoltaic applications started
in 2009, when a photoelectrochemical cell incorpo-
rating a layer of MAPbI; as a visible light sensitizer
was reported by Kojima et al. The initial power
conversion efficiencies (PCEs) were 3.1% and
3.8% for MAPbBr; and MAPDIs, respectively.'
The intensive work in this field has led to a signifi-
cant increase in PCE, reaching up to 30 % in just a
few years.*

A recent investigation on organic-inorganic
perovskites has shown that the organic cation in
the structure has a great influence on both stability
and performance.’® Therefore, several attempts
were made to exchange and modify the monova-
lent organic cation. The most investigated organic
cation for the substitution of the methylammonium
(MA) ion has been the formamidinium (FA) ion,
i.e., CH(NH,).*. FAPbI;z is more thermally stable
than both MAPDbI; and MAPDBT3, strongly support-
ing the findings that a larger cation at the A-site in
the ABX; structure could further stabilize the per-
ovskite structure.® Also, a number of HOIPs with
mixed A-site cations in different molar ratios were
synthesized and investigated.!” In addition to A-
site doping, B-site doping has also shown positive
effects on both the performance and stability of
perovskite-based optoelectronic devices.r” Mixed
MAPb:_«Mnyl; perovskites have suitable bandgaps
and promising absorption coefficients, indicating
promising potential for application in perovskite
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solar cells.® Lui et al.”® investigated the role of the
anion on the stability of the perovskite and the effi-
ciency of the solar cells. With an increase in the ionic
size of the halide, the band gap energy is decreased,
but the stability of the perovskite is increased with
decreasing of the halide ionic radii. Considering this,
methylammonium lead perovskites with mixed hal-
ide anions, such as MAPDIs,Clx and MAPbIzBry,
were synthesized and investigated, resulting in in-
creased stability.®

Among a number of synthesized and investi-
gated HOIPs, dimethylammonium lead iodide
(DMAPDI3) has garnered significant attention be-
cause of its exceptional optoelectronic properties
and potential application in high-performance solar
cells.® Garcia-Fernandez et al. synthesized two
lead halides, as represented by the general formula
DMAPbX; (X=CI- and Br). Both compounds
were found to possess semiconductor characteris-
tics, displaying wide photoluminescent emission
and dielectric properties.2! Mancini et al. reported
the preparation, single crystal structure determina-
tion, and the optical behavior of APbX; com-
pounds (A = MA, DMA, and TMA,; X =1 and Br).
It was found that crystalized DMAPDI; belongs to
the hexagonal P6(3)/mmc space group with unit
cell parameters of a= 8.769 A and c =8.188 A.
Also, their findings revealed improved optical
characteristics in these materials.?? The perovskites
doped with DMAPDCI;_Br« (with 0 < x < 0.5), as
synthesized by Martinez Muifio et al., exhibit
barocaloric features, offering the potential to cus-
tomize these perovskites to suit a wide range of
prospective uses.? Pei et al.?* performed a synthe-
sis of DMAPDbX; using DMF as a solvent for Pbl,
and also as a source for dimethylammonium cati-
ons due to its hydrolysis in HI. The refined crystal
structure of DMAPbX3, obtained by the proposed
procedure, was the same as previously reported by
Mancini et al.?2 In the same paper, the authors re-
ported on mixed CsyDMA.xPbl; perovskite. By
conducting measurements on a single crystal of
one-dimensional organic lead iodine perovskite,
specifically DMAPDI;, it was determined that
DMAPbDI; exhibits ferroelectric properties. This
ferroelectric behavior holds the potential to en-
hance the design of more stable and efficient or-
ganometal halide perovskite solar cells and photoe-
lectric devices. Apart from its ferroelectric proper-
ties, DMAPDI; also exhibits blue photolumines-
cence, making it a promising candidate for multi-
functional materials.?®

Although there is a significant amount of lit-
erature data on the synthesis, structure, and proper-
ties of the DMAPDI; perovskite, this compound is
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still the subject of intense investigations from vari-
ous perspectives. Therefore, our investigation is
focused on the synthesis, characterization, and in-
vestigation of the properties of DMAPbI3, specifi-
cally its electrochemical behavior and stability. As
perovskite-based technologies continue to advance,
a comprehensive understanding of their electro-
chemical behavior becomes paramount. Cyclic
voltammetry, a versatile electrochemical tech-
nique, offers a valuable means to investigate the
redox processes and charge transport mechanisms
within these materials.?® The electrochemical prop-
erties of the DMAPbDI; perovskite offer insights
into its potential applications in energy storage and
conversion devices. The subsequent sections of
this article are concerned with the results obtained
from the slightly modified synthesis of the
DMAPDI; perovskite, as well as its characteriza-
tion by PXRD, vibrational spectroscopy, SEM-
EDX, and cyclic voltammetry.

2. EXPERIMENTAL SECTION

2.1. Synthesis

All initial substances were acquired in analyti-
cal grade quality and directly utilized without addi-
tional purification from the following suppliers, ex-
cept for (CHs).NH.lI (DMAI) and Pbl.. Merck pro-
vided dimethylamine ((CHs).NH, 40 % solution in
water), acetonitrile (CHsCN, > 99 %), and N,N-
dimethylformamide (CsH/NO, > 99.8 %), while hy-
droiodic acid (HI, 57 % w/w aqueous solution stabi-
lized with 1.5 % H3PO,) was sourced from CARLO
ERBA Reagents. Ethanol (C;HsOH, 96 %) and di-
chloromethane (CH.Cl,, min. 99.0 %) were supplied
by Alkaloid. Diethyl ether (CsH100, > 99.8 %) and
tetrabutylammonium chloride (C1sHssCIN, > 97.0 %)
were purchased from Sigma-Aldrich.

The synthesis of dimethylammonium lead
iodide (DMAPbDI;) comprises a careful procedure
of precisely combining dimethylammonium iodide
(DMAI) and lead iodide (Pblz) under controlled
conditions. This detailed synthesis description pro-
vides a comprehensive overview of the key steps
involved in creating DMAPDIs, highlighting the
crucial factors influencing the composition, struc-
ture, and characteristics of this hybrid organic-
inorganic perovskite material.

Dimethylammonium iodide (DMAL,
(CH3)2NH2l) was synthesized by reacting dime-
thylamine (DMA, (CHs).NH,) in a slight excess
with hydroiodic acid (HI), following a procedure
from the literature.?’
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For the synthesis of (CHs):NH:Pbl;
(DMAPDI3)  powder, the precursors DMAI
(0.271 g) and Pbl, (0.723 g) were taken in a 1:1
molar ratio. This mixture was dissolved in a care-
fully selected solvent, i.e., 15 ml of acetonitrile
(ACN), and subjected to thorough stirring to
achieve homogeneity. The solvent was carefully
removed through controlled evaporation at 60 °C,
an important step that initiates the nucleation and
growth of DMAPDI; crystals. After vigorous stir-
ring for 30 minutes, the powder gradually changes
color to yellow. Subsequently, the powder is fil-
tered, washed three times with diethyl ether, and
the final product is dried at 60 °C in an oven for 12
hours before being stored in a desiccator.

2.2. Powder X-ray diffraction

The X-ray diffractograms of the synthesized
compounds were recorded on a Rigaku Ultima IV
powder X-ray diffractometer (PXRD) with CuKa
radiation and a high-speed DetX detector. The dif-
fractograms were recorded at room temperature in
the 26 range from 10° to 80° at a scanning rate of
10°/min.

2.3. Scanning electron microscopy with energy
dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) of the
particles from the studied perovskite was performed
with energy dispersive X-ray spectroscopy (EDX).
Images and elemental composition were acquired
using an FEI Quanta 3D FEG dual beam micro-
scope using an accelerating voltage range of 200 V
-30 kV for electron beam imaging and 5-30 kV for
ion beam imaging. The samples were placed on a
graphite strip and were not adhered (usually gold is
used for this) before imaging with the microscope.
Recordings were made using an In-lens and/or
Everhardt-Thornley secondary electron detector.

2.4. Infrared spectroscopy

For the analysis of the infrared spectra of the
obtained perovskite, tablets of the sample (about 1
mg) and about 250 mg of KBr were made first.
The mixture of KBr and the perovskite sample was
stirred and homogenized using a vibrating mixer.
Then, the powdered mixture was placed under a
press at a pressure of 10 t/cm?. The infrared spectra
of the prepared tablets were recorded on a Perkin
Elmer System 2000 FTIR (Fourier-transform infra-
red spectrometer) in transmission mode. A spec-
trum of pure KBr was used as a reference spectrum

(background spectrum). The samples were record-
ed at room temperature (25 °C) and —190 °C in the
range of 400-4000 cm™, with each spectrum ob-
tained by averaging 32 scans. To reduce the inten-
sity of the bands originating from atmospheric
moisture and CO;, the software for CO2/H,O com-
pensation was used.

2.5. Raman spectroscopy

In addition to capturing infrared spectra, Ra-
man spectra of the synthesized perovskites were also
obtained. Raman spectra were recorded using a
LabRam 300 micro-Raman multichannel spectrome-
ter from Horiba Jobin-Yvon, equipped with a
Nd:YAG laser (A = 632 nm, red laser), and an excita-
tion power of approximately 2.5 mW on the sample.
The laser was focused using an OlympusMPla mi-
croscope at a magnification of x50. Recordings were
conducted at room temperature, spanning the range
of 40-500 cm?, with an average of 15 scans and a
recording time of 5 minutes. A Notch filter was ap-
plied to eliminate the Rayleigh incident light and a
grating with 1800 lines/mm was utilized to disperse
the scattered radiation.

2.6. Cyclic voltammetry

The acquisition of cyclic voltammograms
was conducted using the LAUTOLAB instrument,
specifically model 111, manufactured by Autolab in
the Netherlands. The electrochemical cell com-
prised three electrodes: a working electrode, a ref-
erence electrode of Ag/Ag* (0.1 mol/dm3) im-
mersed in an acetonitrile solution with TBAC (0.1
mol/dm?®), and an auxiliary electrode made of
graphite. The potential of this reference electrode
was 0.18 mV more positive than the formal poten-
tial of the Fc/Fc* redox couple, as obtained from
cyclic voltammetry in identical conditions. The
working electrode employed was paraffin-
impregnated graphite electrode (PIGE) modified
with microcrystals of the DMAPbI; perovskite,
which were applied to the electrode surface
through abrasion. The solid-state voltammetry of
immobilized microparticles was established and
thoroughly explained by Sholz et al.?® Here, this
technique was performed in non-aqueous solutions.
All experiments were performed at room tempera-
ture using dichloromethane (DCM) as a solvent
and tetrabutylammonium chloride (TBAC) as the
supporting electrolyte, with a concentration of 0.1
mol/dm?®. The scan rate (v) for all measurements
was 10 mV/s and the step potential (AE) was set at
1mV.
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3. RESULTS AND DISCUSSION
3.1. X-ray diffractogram analysis

The powder X-ray diffraction (PXRD) pat-
tern of as-synthesized DMAPDI; perovskite mate-
rial is presented in Figure 1. The analysis of the
diffractogram confirms the purity of the obtained
perovskite as the peaks related to lead iodide and
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dimethylammonium iodide were not observed. The
obtained PXRD pattern is consistent with previous-
ly reported publications on the crystal structure of
crystalline DMAPbDI; 24 that belongs to the space
group P6(3)/mmc with unit cell parameters of a =
8.769 A and c = 8.188 A. The lattice parameters
calculated from our diffractogram are a = 8.758 A
and ¢ = 8.186 A.

20 (degree)

Fig. 1. The X-ray diffraction pattern of the powdered perovskite sample with the given formula DMAPbDI3

3.2. Morphology and elemental composition

The SEM images of the DMAPDI; sample
(Figs. 2A-C) indicate a porous morphology with
rough and dense grains. Most particles are uniform
in size and agglomerate to form an open-pore net-
work structure. SEM examinations at different res-
olutions reveal that the powder particles display a
hexagonal rod shape, consistent with the structure
of DMAPbDI;,?* and are approximately 1.55 pum

SEM HV: 20 kV

WD: 9.03 mm Det: SE

SEM MAG: 200 x  Date{nvdly): 0504/23 Performance in nanospace

View flald: 271 pm  Date(midly): 11/16/23

SEM MAG: 699 x 1

50 pm

wide and 6.95 pum long. The results of the EDX
analysis confirm that the sample is homogenous
and pure. The composition was confirmed with
EDX characteristic peaks corresponding to C, I,
and Pb that appear on the EDX spectra. The mass
percentages of the heavy elements Pb and | ob-
tained by EDX analysis are in good agreement
with the theoretical ones (w(l)eox = 61.03 %;
W(Dtheor= 60.05 %; w(Pb)epx = 30.56 %; and
W(Pb)heor. = 32.68 %).

VEGAI TESCANJl  SEM HV: 20 kv
WD: 15.00 mm Det: SE

View flold: 34.7 ym  Date(midly): 1117123

SEM MAG: 545 kx L VEGA3 TESCAN|

10 pm

Fig. 2. (A—C) SEM images of the DMAPbI3 powder with different resolutions

Maced. J. Chem. Chem. Eng. 43 (1), xx—xx (2024)



6 Jeta Sela et al.

3.3. Infrared spectra analysis

The IR spectra of DMAPDI; recorded at 25 °C
and —190 °C in the range of 600-1650 cm™ are pre-
sented in Fig. 3. The bands at 1580 and 1480 cm™
correspond to NH> bending modes, with the former
originating from NH, asymmetric bending and the
latter from NH. symmetric bending. The bands at
1460 and 1385 cm™ correspond to CHz asymmetric
and CHs; symmetric bending modes, respectively.
The bands with relatively lower IR intensities at 1232
and 1010 cm™ can be attributed to (CH3),NH.* rock-
ing modes and C-N stretching modes, respectively.
Proceeding towards lower wavenumber values, two
bands at 880 and 840 cm™ are identified, both corre-
sponding to rocking modes of (CHz):NH." (Table 1).

Based on the spectrum recorded at low tem-
perature and the one recorded at room temperature,

100
90 +
80

70 +

Transmittance / %

60

50

40

—— DMAPbI, +25°C
—— DMAPbI,, - 190 °C

it is evident that a phase transition occurs in
DMAPbDIs. The results involving phase transitions
in perovskite materials, as published in the litera-
ture,?-3! support the conclusion that there are two
different phases present at these two temperatures.
The position of the bands and their interchange
(especially of the banding CHz and the stretching
and banding NH; vibrations) are clear indications
that the phase transition occurs because of the rota-
tion of the CHs; and NH; groups in the crystal
structure of the perovskite. They contribute to the
changes in the local site symmetry, resulting in the
appearance and vanishing of the bands in question.

The broadening of the other bands as the
temperature increases is a clear indication of the
higher degree of freedom of the organic cations in
the structure.

T T T
1600 1400

T
1200

T T T T 1
1000 800 600

Wavenumber / cm ™

Fig. 3. IR spectra of DMAPDI; at 25 °C and —190 °C

Table 1

Peak assignments for IR spectroscopy of DMAPbI; are identified
according to ref.%

Functional group/

Wavenumber (cm-1)

Types of vibration Literature Observed
Asym. NH2 bending 1650-1580 1580
Sym. NH: bending 1550-1480 1480
Asym. CHs bending 1470-1450 1460
Sym. CHs bending 1385-1370 1385
(CHas)2NH2* rock 1255-1200 1232
C-N stretch 1250-1000 1010
(CHas)2NH2* rock 950-850 880
(CHas)2NH2* rock 950-850 840
Out of plane NH2 bending 900-650 800

Maced. J. Chem. Chem. Eng. 43 (1), xx—xx (2024)
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3.4. Raman spectra analysis

Figure 4 shows the Raman spectrum of the
DMAPDI; perovskite material at room temperature.
The Raman spectra exhibit strong similarities to those
documented for hybrid perovskites containing the
methylammonium cation [CH3sNHz]* (MA) alongside
halides such as Br, I, and CI.333* Usually, the spectra
of these compounds are thought to consist of two
different parts. First, a low energy band of closely
packed Raman peaks, which are commonly intense in
the range of 0-200 cm™, are normally assigned as
octahedra vibrational modes (octahedra translation,
distortion, and torsion) and organic cation transla-
tions (torsion in DMA). Second, and the higher ener-
gy modes bands between 200 and 3200 cm™ are usu-
ally assigned to organic cation.

Based on the Raman spectrum of this com-
pound, besides the structure determined by XRD, it
can be concluded that DMAPDI; is a one-
dimensional perovskite with face-sharing Pbls oc-
tahedra. This conclusion is based on the absence of
the band in the region of 90-96 cm™ (considered to
be a combination of multiple modes) as a result of
the restrictions in face-sharing structures. On the

Raman intensity / a.u.

—— DMAPbI, +25°C

| 0%

!

other hand, the band at 80 cm™ is a result of an in-
plane 1-Pb-1 vibration of the atoms sharing a plane
between two octahedra.

A significant challenge in Raman measure-
ments is the presence of a concurrent fluorescence
background. The fluorescence intensity is typically
much higher than the Raman scattering signal, es-
pecially noticeable at higher wavelengths, poten-
tially masking weaker Raman scattering peaks.*®
Fluorescence signals vary in wavelength range,
often appearing as broad bands in the visible and
short-wave NIR regions, while Raman bands are
narrower and more distinguishable.35-%

Laser wavelength selection is crucial in Ra-
man excitation. A 785 nm laser for FAPbl; Raman
signal excitation increases the low-frequency Ra-
man background, masking signals below 1000 cm™
due to induced photoluminescence (PL). This in-
terference is particularly pronounced for iodine-
rich samples with PL above 785 nm.*® The same
situation is observed in our investigated compound
(DMAPbDI3) when recorded in the range of 500-
4000 cm* using a red laser line (4 = 632 nm).

T T T T T T T T T 1
60 90 120 150 500 1000 1500 2000 2500 3000 3500 4000

Raman shift / cm™

Fig. 4. Raman spectrum of DMAPbI3 at room temperature

3.5. Cyclic voltammetry

Although dichloromethane is not a commonly
used non-aqueous solvent for electrochemical meas-
urements due to its low permittivity and conductivity,
it can offer advantages over other solvents in certain
cases. For instance, many solvent/electrolyte pairs
were unsuitable for electrochemical measurements of
solid particles of DMAPDI;, as the perovskite proved
to be unstable. However, it was demonstrated that the
perovskite crystals remain stable for extended periods
when dichloromethane is utilized, with tetrabu-
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tylammonium chloride (TBAC) serving as the sup-
porting electrolyte. Similar findings have been re-
ported in the literature for other related perovskite
materials.’t The cyclic voltammogram of the blank
solution (Fig. 5 — grey dotted line) exhibits an oxida-
tion tail beginning at 0.6 V and a reduction tail start-
ingat-1V.

This current is associated with redox reac-
tions involving both the solvent and electrolyte. Un-
der these conditions, the allowable potential window
is approximately 1.6 V, significantly narrower com-
pared to when a Pt electrode was used in dichloro-
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methane.*? Additionally, the utilization of TBAC
also results in a narrowing of the anodic potential
range of the system compared to TBAP (tetrabu-
tylammonium phosphate) or other electrolytes.*®
When the perovskite is immobilized on the PIGE
electrode, notable distinctions emerge between the
cyclic voltammograms (Fig. 5 — comparing full
and dotted lines). Commencing from the open cir-
cuit potential (OCP) and going towards positive
potentials, the first scan of DMAPDI; (Fig. 5 — red
line) reveals an intense, wide anodic peak initiating
at —0.153 V, accompanied by a consistent rise in
current throughout the scan. During the reverse
scan, a marginal increase in cathodic current begins
at —0.11 V and increases further. Evidently, the first
scan of DMAPDI; appears as an electrochemically
irreversible process, characterized by a broad peak
for oxidation and a minor reduction current.

The second consecutive scan (Fig. 5 — green
line) demonstrates a significant reduction in both
oxidation and reduction currents, which continues
to decrease in the third scan (Fig. 5 — black line).
This marked decrease in current during the con-

0.25 -
0.2
0.15 -
0.1 -

0.05 4
I/mA

secutive scans indicates that after the initial oxida-
tion, the perovskite decomposes into other prod-
ucts and the original perovskite cannot be electro-
chemically resynthesized. Interestingly, it is shown
that the broad oxidation peak in the first scan actu-
ally reflects two (or more) electrode reactions that
can be seen in the second scan as two separate
peaks. All three voltammograms containing the
perovskite exhibit lower current tails compared to
the blank solution, indicating that the redox reac-
tions involving both the solvent and electrolyte can
readily occur on a bare PIGE electrode but are di-
minished when the perovskite (or other perovskite
oxidation products) are present on the electrode.

The voltammograms in Fig. 5 are measured by
initial sweeping the potential in a positive potential
direction relative to the OCP value. It is evident that
DMAPDI; undergoes oxidation and decomposition.
Starting from the OCP at approximately —0.22 V, the
cyclic voltammograms of DMAPDI; were also meas-
ured by the initial sweeping of the potential in the
negative direction (Fig. 6 — blue line).

-0.05

-0.1

-0.15

=

-1.3 -1 -0.7

-0.4

-0.1 0.2 0.5 0.8

E/V

Fig. 5. Cyclic voltammograms of DMAPbDI; particles immobilized on a PIGE electrode showing first (red), second (green),
and third (black) consecutive scans compared with a blank solution (grey dotted line). Electrolyte — TBAC (0.1 mol/dmd) dissolved
in dichloromethane; CE — graphite; RE — Ag/Ag*; v =10 mV/s; AE = 1mV; Estat = OCP (open circuit potential)

Within the potential interval from —0.3 to
—0.7 V, the reduction current in the blue voltam-
mogram (recorded from the OCP to negative po-
tentials) is lower compared to the voltammogram
scanned in the positive direction (Fig. 6 — red line).
This indicates that the reduction current at these
potentials is primarily caused by the products ob-
tained by oxidation processes taking place at posi-
tive potentials, without involving direct reduction
of the perovskite. However, at potentials more
negative than -0.7 V, the reduction current in-
creases drastically compared to both the voltam-
mogram initially scanned in the positive potential
direction and the blank voltammogram (Fig. 6 —

grey dotted line). This indicates that the perovskite
can be directly reduced. Moreover, after the direct
reduction of the perovskite, a new oxidation peak
forms around —0.45 V, which was not visible in
Figure 5 when the potential was initially scanned
in the positive direction. Interestingly, the second
and third consecutive scans of the blue voltammo-
gram (data not shown) closely resemble the second
and third scans initially scanned in the positive
direction (Fig. 5 — green and black lines). Notably,
they also lack the peak at —0.45 V, indicating that
the perovskite undergoes decomposition into other
products after direct reduction, rendering it unable
to be electrochemically resynthesized.
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-0.9 -0.7 -0.5 -0.3

E/V

-1.3 -1.1

Fig. 6. Cyclic voltammograms of DMAPbIz particles immobi-
lized on a PIGE electrode scanned from OCP to 1 V in the
first scan (red line) and from the OCP to the negative direction
(blue line). Additionally, the voltammogram of the blank is
displayed for comparison (grey dotted line), as recorded from
the OCP to the negative potential direction. All other condi-
tions remain identical to those in Fig. 5.

Assumptions regarding potential oxidation
products of the perovskite include the oxidation of
the constituents (DMA®, Pb?*, and I) into various
forms. The organic cation (DMA*) may undergo
oxidation to different products, eventually leading
to CO,. Lead ions could be oxidized to produce
lead oxide, some of which may remain on or fall
from the electrode without dissolving. The iodide
ion might undergo oxidation to different oxidation
states, possibly reaching elemental iodine, alt-
hough in minute amounts that might not be detect-
able. After the decomposition of the perovskite,
numerous chemical reactions become possible,
leading to the production of additional potential
candidates for redox reactions. Consequently, it

0.4
0.3
0.2
I/mA 01

-0.1

-0.2 T T T T
-04  -0.1 0.2 0.5

0.7 ’
E/V
0.

-1.3 -1 08

4 9

0.2 4
0.1 4
I/mA 0
-0.1 +

-0.2 4

-0.3

becomes challenging to determine the exact elec-
trode reactions. However, experiments involving
other non-perovskite substances containing the
constituents of the perovskite (DMA*, Pb?*, and I)
under identical conditions (solvent, electrolyte, and
electrode) can provide valuable insights (Fig. 7).

The comparison of voltammograms present-
ed in Fig. 7 indicates that the oxidation process
starting at —0.15 V for the perovskite (red line) is
only observed in samples containing iodine (Pbl, —
blue line in A and DMAI — blue line in B). This
observation is further confirmed when 1, is dis-
solved in solution (blue line in C). Thus, we can
infer that the oxidation processes of the perovskite
are primarily associated with the electrochemistry
of iodine in dichloromethane. The cyclic voltam-
mogram of PbClI, (black line in A) exhibits a peak
for oxidation at around —-0.5 V, which resembles
the oxidation peak of DMAPDI; observed when the
perovskite was directly reduced in the initial scan
(Fig. 5 — blue line). It is plausible that this peak is
linked to the electrochemistry of dissolved oxygen,
wherein dissolved oxygen is reduced to form a sta-
ble superoxide ion (stable in aprotic solvents),
whose oxidation to form oxygen yields an oxida-
tion peak at similar potentials.** However, the sta-
bility of the superoxide ion and the formation of
the peak are intricate and contingent upon factors
such as the solvent, the electrolyte, and other ions
present in the system (in this case, products of the
perovskite electrochemistry).*

0.5 1
0.4 B
0.3 -
0.2 -

0.1 1
I/mA

-0.1 4
-0.2 4

-0.3

-1.3 -1 -0.7 -0.4 -0.1 0.2 0.5 0.8
E/V

-1.3 -1 -0.7

-0.4

01 02 05 08
E/V

Fig. 7. Cyclic voltammograms of (A) PbXzand (B) DMAX particles immobilized on a PIGE, where X = I (blue line), Br (green
line), and CI (black line). Cyclic voltammogram of dissolved I2 (102 mol/dm?, blue line in C). Red curves in all panels show the
cyclic voltammograms of DMAPbI3. The potential is scanned initially from the OCP to positive values. All other conditions remain
identical to those in Fig. 6.
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4. CONCLUSION

Taking into consideration the obtained re-
sults in this investigation, several conclusions can
be drawn. Hybrid organic-inorganic perovskite
DMAPbI; was successfully obtained via a slightly
modified synthesis method compared to the one
described in the literature. This was confirmed by a
comparison of the recorded PXRD pattern of the
obtained product with the previously reported liter-
ature data for the structure of DMAPDIs. The IR
spectra recorded at —190 °C and at room tempera-
ture showed characteristic bands for dime-
thylammonium cation vibrations. In addition, the
comparison of the IR spectra recorded at room
temperature and the low temperature indicates a
possible phase transition. The Raman spectra align
with the spectra reported for similar HOIPs, featur-
ing the low energy band assigned as octahedra vi-
brational modes associated with torsion in DMA®,
as well as the higher energy modes forming bands
between 200 and 3200 cm™ that are usually as-
signed to organic molecules. The SEM images of
DMAPbDI; indicate a porous morphology with
rough, dense grains displaying a hexagonal rod
shape. The mass percentages for Pb?* and I~ anions
obtained by EDX analysis are in good agreement
with the theoretical ones. The electrochemical in-
vestigation of DMAPbI;, conducted using cyclic
voltammetry in dichloromethane (DCM) with tet-
rabutylammonium chloride (TBAC) as the sup-
porting electrolyte and PIGE as the working elec-
trode, revealed that DMAPbI; can undergo oxida-
tion and reduction, leading to the decomposition of
the perovskite structure and the formation of vari-
ous potential products. Comparing it with the elec-
trochemistry of other substances containing con-
stituents of DMAPDI3, it was found that the oxida-
tion current is primarily associated with the elec-
trochemistry of iodine in dichloromethane.
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