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Abstract

Mirroring established semiconductor technologies, halide perovskite materials synthesized from
higher quality reagents display improved optoelectronic performance. In this study, we performed
a semiquantitative analytical characterization of five different commercial Pbl, sources to
determine the identity and concentration of impurities that affect perovskite devices. It was
possible to single out acetate (OAc) and potassium (K) as key species in as-received materials,
both plausibly remnant from synthesis or purification. We removed these impurities through
aqueous recrystallization revealing contrasting impacts on device performance: removal of OAc
was beneficial but reducing K could be detrimental. This observation indicates that the highest
purity Pbl> does not guarantee the highest performing perovskite material, since certain extrinsic
impurities, such as KI, can improve device performance. Fundamental and applied studies will
both benefit from improved purification procedures coupled with analytical studies to better

understand and control the effects of individual impurities in halide perovskite materials.
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Halide perovskite materials are touted as tolerant to the presence of native structural defects;
native refers to “intrinsic” lattice point defects, including vacancies and interstitials, which may or

t.1"* That is to say, with the possible exception

may not be induced by an extrinsic impurity/defec
of positively charged iodine interstitials*, native defects are optoelectronically inert and do not
prevent these materials from performing their primary photovoltaic or electroluminescent
function.! This limited tolerance to crystallographic imperfections may mean native defects in
perovskites are superficially benign, but their interactions with extrinsic species are certainly
consequential. Reactions between native halide vacancies and molecular oxygen influence doping®
and facilitate degradation.®” Moreover, it is understood that concentrations of native defects and
extrinsic impurities are directly linked. Ionic conductivity measurements of undoped and doped
PbBr, crystals illustrate how, for example, Na* impurities occupying Pb*" sites induce halide
vacancies for charge neutrality, which are available to participate in ionic conduction.® We
speculate that halide perovskite defect populations are similarly dominated by impurities present
within the reagents, a result of using processing additives, and released by in situ reactions during
synthesis. Further, a growing body of literature®!® indicates that the full efficiency and stability
potential of halide perovskite materials will, to some degree, be unlocked by improving precursor

quality, motivating us to scrutinize the impurity content of Pbl> reagents for perovskite

applications.

From this study, we present results from a semiquantitative analytical characterization of five
commercially available Pbl, materials. Three main techniques were used: inductively coupled
plasma optical emission spectroscopy (ICP-OES) to determine I:Pb stoichiometry; 'H and *C
nuclear magnetic resonance (NMR) spectroscopy to reveal hydrogen-containing organic

impurities; and time-of-flight secondary ion mass spectrometry (TOF-SIMS) to compare relative



intensities of lightweight atomic and molecular impurities. These techniques can be used
separately or in combination to collect different information. For example, ICP-OES is ideal to
quantify many elements, but molecular species such as organics, water, hydroxide, carbonate, or
nitrate may need to be measured by other methods like NMR, ion chromatography, or titrations.
A rigorous study on Pbl> should evaluate purity along several axes for a comprehensive
understanding of the impact of trace impurities on the resulting perovskite material quality and

device performance.

Our analysis details two specific impurities in different source materials that were relatively
abundant, positively identifiable, and successfully removed by aqueous recrystallization to
measure an effect on devices. We found that iodide substoichiometry (I:Pb ratio < 2) was largely
due to substitution of iodide by oxygen-containing anions including hydroxide (OH"), proposed
previously!'!, as well as acetate (OAc) unambiguously identified in the lowest quality Pbl,
examined here. Oxidic impurities are notoriously difficult to remove from Pb halides,'” but
reducing their concentration has been shown to have a positive effect on perovskite devices.!! In
contrast, the high quality Pbl> sources investigated displayed relatively low concentrations of
oxidic anion impurities. One Pbl; reagent, in particular, simultaneously indicated elevated levels
of potassium (K) and superstoichiometry (I:Pb > 2) suggesting KI as a plausible impurity. When
oxidic anion concentrations are low, the beneficial effect of even small amounts of alkali iodide

impurities like K120-%

may become visible, helping to explain this Pbl>’s high material quality and
device performance. Simply put, the beneficial effects of K can be easily overshadowed by other
impurities. This was substantiated by purifying the as-received Pbl. sources via aqueous

recrystallization which reduced both OAc and adventitious K, among other impurities, and

amended stoichiometries nearer to 2. Finally, we compared devices fabricated from all ten



as-received and recrystallized Pbl, sources which, in combination with the analytical
characterization, provides insight regarding dominant impurities and rationalizes expected
outcomes in devices. Our work demonstrates that a competition can and does exist between
beneficial (e.g. KI) and detrimental (e.g. oxidic anions) impurities which influence the overall

performance of the materials at the device level.

While we suspect some impurities remain unidentified and/or unquantified, analytical
verification of key species such as OAc and K allowed us to better explain observed differences
in precursor solubility, deviation from nominal stoichiometry, and correlations to device
performance. This work additionally demonstrates that common analytical techniques provide
accessible means to evaluate purity levels of perovskite precursors and that practical purification
methods can effectively raise the purity of most Pbl,. These techniques are relevant to fundamental
scientists for understanding the impact of synthetic conditions and intrinsic versus extrinsic
material properties, as well as to applied scientists for tactics to improve quality control,

performance, and reproducibility.

Abbreviations used throughout the manuscript for the five Pbl> products, arranged according to
measured stoichiometry, are shown in Table 1, along with their nominal purity, physical form,
I:Pb ratio, and impurity information inferred from our data. The nomenclature is based on the
supplier name and the number of “9s” in the quoted purity using metals basis or trace metals basis

when reported.



Table 1. Abbreviation (Abbr.), product information, stoichiometry, solubility, and highlighted
impurities suggested by SIMS and NMR data for the five commercial Pbl, sources evaluated in

this study, listed in order of I:Pb ratio measured by ICP-OES.

Abbr. Supplier Purity Form rIa:tIi’(l))* Solubility (l:r(::;fll:tlic: Isllrlnspplf:ittggs
I SA2 I Sigma Aldrich I 99% I Powder I 1.84 I Good I Na, K, OAc \ OH-, O*
SAS Sigma Aldrich 99.999% Powder 1.92 Poor** Na, K \ OH-, 0%, OAc
AA4 Alfa Aesar 99.9985% Powder 1.97 Poor Na, K, organics \ NOs5
TCl4 TCI 99.99% Powder 2.03 Good \ organics
AAS Alfa Aesar 99.999% Beads 2.10 Moderate KI \

* JCP-OES data has an average error of +/- 5.8 % with a maximum error of +/- 6.7%

**Would not dissolve in perovskite inks precluding device fabrication.

Perfectly pure, stoichiometric Pbl, should display an I:Pb ratio equal to two; therefore,
stoichiometry is suggestive of overall purity or quality,!> but might not be predictively reliable.
Table 1 and Fig. 1a show [:Pb ratios of the as-received Pbl, materials (measured by ICP-OES)
varied from 8% deficient to 5% excess in 1odide. Despite statistical considerations, the trend in as-
received [:Pb ratio appears reflected in the corresponding device efficiency in Fig. 1b reported as
stabilized power output (SPO). A similar trend in as-received Pbl; efficiency is observed in devices
with differing perovskite compositions, processing, and architectures made by different
researchers (Supplementary Figures S1 and S2) confirming that the noted effects are not limited
to a specific composition, architecture, nor processing route. Note that SA5 is omitted from as-

received device sets because its solubility was too low to produce films adequate for devices.

We subsequently performed an aqueous recrystallization of all five Pbl, sources to remove
impurities that might alter the measured stoichiometry. As shown in Fig. 1a, the variation in I:Pb

ratio was successfully reduced among the newly recrystallized (RC) Pbl, reagents. Most



significant, the I:Pb ratio of the two outliers, SA2 and AAS, became statistically equivalent and
much closer to two. Devices were fabricated from the recrystallized Pbl, and the measured SPO
in Fig. 1b shows efficiency no longer correlates to the new stoichiometry. However, though it is
significantly less obvious, the performance trend resembles that observed for the as-received
materials. Note the recrystallized device data includes SAS5 that became soluble after
recrystallization, and the solubility of AA4 also improved slightly, which is a consistent
improvement observed by several groups.!!"!* This experiment illustrates that I:Pb ratio of the Pbl,
reagent has some influence on the perovskite quality, but it is not a reliable indicator of device
efficiency. Device level metrics are likely dependent on the specific impurities that alter I:Pb ratio,
so we turned to more in-depth characterization techniques to reveal the identity of the dominant

impurity species.
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Figure 1. (a) [:Pb ratio measured by ICP-OES for as-received Pbl> reagents compared to after
aqueous recrystallization. (b) Stabilized power output (SPO) of devices fabricated with as-received
and recrystallized Pbl, precursors. (c) 'H-NMR of Sigma Aldrich 99% Pbl, as-received (SA2), the
SA2 sample spiked with a ~3 mg particle of lead acetate trihydrate (Pb[OAc]2¢3H20), and a sample
of recrystallized SA2 (SA2-RC). (d) Integrated SIMS K" ion intensity (summation of K counts
normalized to total ion counts over 43 data points) of the Pblo powders as-received and after

recrystallization (denoted by -RC suffix).

Using 'H-NMR, we identified OAc as a major anionic impurity in as-received SA2 (Fig. 1c)

which we confirmed by spiking with lead acetate trihydrate and additional '*C-NMR (inset).



Acetate is likely remnant from Pbl, synthesis which commonly involves mixing water soluble
Pb(OAc), or Pb(NOs), salts with KI to precipitate Pbl,.!>42627 Spiking experiments quantified
the OAc concentration as ~2.2 + 0.3 mol% with respect to Pb (Supplementary Figure S3). It is
particularly interesting to note the agreement between our inferred synthetic origin of SA2 and
reports by Eckstein et al. that the Pb(OAc) route to Pbls typically results in lower stoichiometry
than via Pb(NO3),.2” The measured amount of OAc accounts for only one fourth of the full 8%
iodide deficiency in SA2, implying other extrinsic impurities are present in similar percentages.
Figure 1c additionally shows that OAc was largely removed by the aqueous recrystallization to
which we partially attribute the increase in stoichiometry and improved device performance for
SA2 (Fig. 1a and 1b). Since the OAc concentration, by itself, does not fully explain the device
performance trends, either before or after recrystallization, we performed TOF-SIMS to identify

species not detectable by NMR.

The most notable impurity we identified with TOF-SIMS was K, which also likely originates
from synthesis. Figure 1d shows the integrated K" intensity of the Pbl, materials as-received and
after recrystallization (denoted by -RC suffix) highlighting large variation in relative K
concentration by 3-4 orders of magnitude among the 10 different samples. The relative SIMS
intensities for other alkali cations such as Li, Na, and Rb only varied by ~1 order of magnitude
among the Pbl> (Supplementary Figure S4), which justifies our focus on K in relation to changes
in device performance. As-received, AAS5 displays K" intensity 2 orders of magnitude higher than
TCI4, the second-highest quality and most pure reagent (see below). Hydrocarbon/carbohydrate
(Fig. 2a), oxide/hydroxide (Fig. 2b), and nitrogen oxide (Fig. 2¢) SIMS fragment intensities
suggest TCI4 and AAS5 contain the lowest concentrations of oxygen-containing anion impurities

(Fig. 2a fragment intensities further reflect significant OAc impurity in SA22%). Together, these



two measurements on AAS — low oxidic anion concentrations and I:Pb ratio greater than 2 — imply
that KI is the main impurity in this commercial source. For all reagents except AAS, due to [:Pb <
2, the K impurities can be regarded as KOH, KOAc, or KNO3. Potassium iodide is known as a
beneficial processing additive for perovskite devices?®?, and residual KI in AAS5 plausibly
explains the observation that AAS-derived perovskites slightly outperform those processed from
TCI4 in all our device data sets (Fig. 1b and Supplementary Fig. S1 and S2). Finally,
recrystallization reduced K intensity in AAS5 by nearly 3 orders of magnitude (Fig. 1d). The
relative decrease in other alkali cations was a maximum of ~ 1 order of magnitude, again
suggesting the large drop in K for AAS is significant. Removing KI from a Pbl, reagent free of
anionic impurities is consistent with the observed decrease in ICP-OES stoichiometry (Fig. 1a)

and lower device performance (Fig. 1b) after recrystallization.
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Figure 2. Integrated ion fragment SIMS intensities of (a) hydrocarbons and carbohydrates, (b)
oxide and hydroxide, and (c) nitrogen oxides in the as-received Pbl> sources. The fragments
associated with acetate are indicated by * in (a).?® Either TCI14 or AAS5 displays the lowest intensity

for each fragment.

The stoichiometry and device results are only partially explained by OAc and KI impurities,
suggesting perovskite material quality is sensitive to other trace impurities that remain difficult to
identify. For example, increased nitrogen oxide SIMS intensities for AA4 (Fig. 2¢) suggest
elevated nitrate impurities in this reagent that was removed by purification (Supplementary Figure

S5). Indeed, several additional molecular impurities that might impact perovskite synthesis are

11



visible by "H-NMR of the as-received Pblzs (Fig. 3a). There are unassigned, hydrogen-containing
impurities present in all as-received Pbl, sources except AAS (SA2 additionally showed a small
impurity peak downfield at 10.7 ppm). Recrystallized materials in Fig. 3b display reduced
concentrations of original '"H-NMR impurities (compare, for example, the quartet at 3.54 ppm in
AA4 and AA4-RC in Fig. 3a and Fig. 3b, respectively), yet contain small signals from new
impurities, one of which was identified as isopropanol (IPA, doublet at 0.99 ppm) that we used
during filtration and collection. The NMR and additional SIMS data (Supplementary Fig. S4-S6)
all indicate the recrystallization decreases impurity concentrations in most categories. However,
OAc and K removal by recrystallization exemplify a competition between detrimental and
beneficial impacts of impurities. Therefore, while recrystallizing Pbl> may increase the purity, the
degree to which the purified reagent improves the perovskite active layer and resulting devices
may vary due to a given process’s sensitivity to the trace beneficial impurities removed, as well as

new trace species introduced, by the purification.

12
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Figure 3. Upfield region 'H-NMR spectra of Pbl, sources as-received (a) and after aqueous
recrystallization (b) denoted by -RC suffix (in deuterated dimethylsulfoxide [DMSO-d6]). The
DMSO-d5 solvent peak is omitted by the x-axis break and several impurity peak positions are

indicated for clarity.

Consequently, researchers may leverage this information about the different major impurities in
as-received Pbl, reagents or incorporate a purification protocol to best suit their goals. Our
observations help rationalize difficulties reproducing results with Pbl> from different suppliers or
even batch-to-batch reproducibility from a single supplier. Improvements to purification methods
and analytical characterization are necessary efforts for fundamental halide perovskite studies;
accurate quantification of the impact of impurities and additives requires first reducing their levels
to negligible concentrations before titrating back into the reagents. Ultimately, aqueous
recrystallization methods may not achieve a desirable purity level nor optimal perovskite quality

in devices, but alternative methods such as dissolution and precipitation from dimethylsulfoxide

13



(DMSO)!! or sublimation in the dark (to avoid photolysis?®**-%) under vacuum remain viable and
should be simultaneously explored. Although the ideal purification technique relevant to
perovskite semiconductors remains to be identified, fundamental- and device-oriented research

will benefit from deeper analytical insight into perovskite precursors and the resulting materials.

In summary, we studied a set of five commercial Pbl, precursor sources often used to fabricate
halide perovskite devices. Cumulative information gathered from three analytical chemistry
techniques elucidate relationships between synthesis, I:Pb stoichiometry, impurities, properties,
and performance. We substantiated our conclusions by performing purifications via aqueous
recrystallization and evaluated its effectiveness. Our semiquantitative analysis provides significant
insight into specific impurities such as acetate and K that influence the functional performance of
the resulting halide perovskite material. Identifying the remaining impurities, and optimizing
purification methods, will help to clarify subtle yet impactful compositional variations that
influence lab-to-lab or process-specific differences, and contribute to perovskites reaching their
full potential. Like all semiconductor materials preceding it, the halide perovskite technology will

undoubtedly benefit from rigorous scrutiny of precursor composition and purification methods.

ASSOCIATED CONTENT

Supporting Information. Detailed materials lists, device fabrication and testing, and
characterization methods, performance results of two additional device composition-architectures
using the commercial Pbl, reagents, 'H-NMR quantification of acetate figure, three figures with

additional TOF-SIMS data.
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