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ABSTRACT: Lead halide perovskite nanocrystals (NCs) are Applied O
promising materials for light-emitting diodes (LEDs) due to their Potential h* /‘/\)\O
wavelength tunability, narrow emission line width, and high +x : R O
photoluminescence quantum yield. Oftentimes, these devices suffer - o
from charge carrier imbalance and reduced charge injection because
as-synthesized NCs are covered by long aliphatic ligands. Here, we
report ligand exchange to small electron-withdrawing or -donating
cinnamate ligands. We probe the influences of the ligands’ inductive T
effect on hole injection by photoluminescence spectroelectrochem-
istry (PL SEC). We find that hole injection into NCs covered by
electron-withdrawing ligands is facilitated, and hole-only devices
exhibit higher currents compared to electron donating ligands. Our work highlights the potential of PL SEC as a powerful tool
to rationalize the performance of lead halide perovskite NCs in LEDs.

many researchers due to a small exciton binding energy, stability and the inconsistent picture of the surface ligands,

- emission waveleng.th tunability, anc'l a traP—free band researchers try to modify these NCs to increase their stability
gap.’~ All these properties make them interesting for the
application in LEDs or solar cells.”~" For both devices, efficient
and balanced charge injection/extraction is essential. This
requires that the absolute energy level of the perovskite layer is
well-aligned with those of the hole and electron transport
layers, enabling eflicient energy transfer and ensuring that

I ead halide perovskites have attracted the attention of with OA binding to Cs™ on the surface.”® Given the low

either by introducing zwitterionic ligands like lecithin or using
didodecyldimethylammonium bromide (DDABr) and other
amine containing ligands.”* > Both of these systems still lack
one characteristic that is essential for building devices: Due to
the presence of aliphatic ligand chains, injecting holes or

charge carriers can be injected/extracted effectively.” Both electrons into NCs covered by these ligands becomes more

problems can be addressed by small organic molecules.'® For challenging. This can only be achieved by ligand stripping or

instance, in solar cells, electrode surfaces are modified by using 77-conjugated ligands.'”*" ™'

organic molecules to improve charge extraction."'~'* In this context, cinnamic acid (CA) derivatives provide an
When considering LEDs, perovskite NCs are used because opportunity to study the influence of electron withdrawing and

of their high photoluminescence quantum yield, easy tunzeﬂlosil_i?g electron donating groups on the charge injection into

through halide exchange, and narrow emission profile.
These NCs are covered by an organic ligand shell that provides
the possibility of tuning charge injection and their optoelec-
tronic properties."”~>" In solution, the same ligand shell is
crucial for the colloidal stability of the NCs.*” In comparison

perovskite NCs, similar to work performed on PbS NCs.*”
Via substitution at the phenyl ring, these functional groups can
exert large inductive effects on the NC via a short 7-conjugated

to other NCs, the organic ligand shell of CsPbX; (X = Cl, Br, Re“?i"ed‘ October 3, 2025
I) NCs is described by a dynamic ligand binding model.**** Revised:  December 13, 2025
Here, de Roo et al. have reported, following the synthesis Accepted: December 15, 2025

according to Protesescu et al,, that oleylamine (OAm) binds to Published: December 23, 2025

the surface, while oleic acid (OA) binds only when OAm is
present in excess.”’ Chen et al. have presented another model

© 2025 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsenergylett.5c03184
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system. An additional advantage of these molecules is their
cost-effectiveness and widespread availability.

Testing charge injection by probing the absolute energy
levels can be done by performing ultrahigh vacuum methods
like X-ray and UV photoelectron spectroscopy (XPS, UPS).*’
This probes the energy levels of the NC directly. Using this
method, Kroupa et al. determined that the valence band (VB)
of PbS NCs with electron withdrawing ligands on their surface
shifts to higher energies, resulting in a hindered hole injection,
while hole injection 1nto NCs covered by electron donating
ligands is facilitated.”” Lu et al. probed charge transfer on
cinnamate and 3,5-difluorocinnamate-covered CsPbBr; NCs
indirectly by determining their photoredox activity. Their
results showed easier electron extraction due to the attached 7-
conjugated system.”* However, precise values in how strongly
electron extraction can differ between these attached ligands to
the NCs are still missing.

Another way of probing charge injection is spectroelec-
trochemistry (SEC). Here, an electrochemical method, e.g,
cyclic voltammetry (CV), is combined with a spectroscopic
technique, like PL or absorbance measurements.”> >’ By this
method, the NCs with their organic ligand shell are drop-cast
or spin-coated on a transparent working electrode, which
allows for simultaneous charge injection and optical measure-
ments. This makes the measurements sensitive to influences by
the surface ligands on charge injection. Mulder et al. were
already able to electrochemically p-dope CsPbBr; NCs at 0.9 V
vs NHE.”® Using this method to probe perovskite NCs is
challenging, since they are prone to decomposition. Addition-
ally, the electrochemical window is limited by Pb** reduction
and oxidation and Br~ oxidation.”™*” Still, staying within a
moderate electrochemical window and looking at the emission
simultaneously make SEC a powerful method to study charge
injection.

In this work, we demonstrate a successful ligand exchange of
oleate-covered CsPbBr; NCs to 4-trifluoromethylcinnamate
(CACF,) as an electron withdrawing ligand, and cinnamate
(CAH), methoxycinnamate (CAOMe), 4-dimethylaminocin-
namate (CAN(Me),) as electron donating ligands. We study
these modified NCs using SEC PL on a confocal optical setup
and determine the necessary potential for hole injection,
depending on the functionality of the ligand. Our results show
that charge injection can be tuned by 0.31 eV. The facilitated
hole injection behavior of CACF;-covered NCs is supported
by their performance in LEDs and in hole-only devices.

We synthesize oleate- covered CsPbBr; NCs following the
method of Yassitepe et al.*’ By using tetraoctylammonium
bromide, the ligand sphere of the NCs consists exclusively of
carboxylates, which we find beneficial for ligand exchange.
These NCs are cubic with an average size of 8.9 nm and show
absorption at 505 nm and a PL peak at 510 nm. We exchange
the oleate ligands with cinnamic acid derivatives using
precipitation and resuspension method. Additionally, we
remove OA from the surface of the NCs by precipitating the
particles with hexane as antisolvent. Figure 1 shows a scheme
of the ligand exchange process with the different CAs, each
distinguishable by their color code, along with an exemplary
characterization of the NCs after exchanging the ligand with
CACEF; as the surface molecule. We find a peak PL at 509 nm,
and an average size of 8.7 nm, which is within its standard
deviation before the ligand exchange.

We provide full exchange protocols and characterization of
the exchanged NCs in the Supporting Information (SI) —
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Figure 1. a) Scheme of surface ligand exchange of OA-covered
CsPbBr; NCs to R-CA-covered NCs with R = CF;, H, OMe, and
N(Me),. b) SEM images of OA-covered NCs (top) and CACF;-
covered NCs (bottom). c) Extracted sizes fitted to normal
distribution (on the left), PL (solid lines), and absorbance spectra
(dashed lines) of OA-covered NCs (top) and CACF;-covered NCs
(bottom) on the right.

Materials and Methods, as well as in Figures S1—-S3. To
monitor the success of ligand exchange, we employ '"H NMR
spectroscopy in SI — Figure S4.

We investigated charge injection into R-CA-covered NCs
with SEC PL according to the simplified schematic in Figure
2a. Briefly, we excite the NCs at 405 nm (blue arrow) and
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Figure 2. a) Schematic illustration of electrochemical p- and n-
doping of the electronic structure of the NC with its conduction
(CB) and valence band (VB) and the resulting dark state of the
NC. b) PL spectra of CACF;-covered NCs with a scan speed of 2
mV/s with a marked switching potential at 0.76 V and marked
onset potential of VB (dashed, orange). c¢) Two consecutive CV
scans in the oxidative direction during SEC PL with marked onset
potential determined by PL intensity decay from d). d) Maximum
PL intensity trace of CACF; NC emission extracted from panel b
(solid, orange). e) Extracted single spectra at the beginning of the
measurement (blue, —0.14 V) and onset potentials of charge
injection (dashed, orange).

monitor the variation in PL intensity (green arrow) under
varying electrochemical potential. While applicable to
oxidation and reduction alike, we limit ourselves here to the
oxidative direction and the effect of electrochemical p-doping.
To this end, we lower the potential of the working electrode
(WE, Eg) starting from the open circuit potential (Eq¢) toward
the valence band (VB) of the NC (right-hand side, Figure 2a).

https://doi.org/10.1021/acsenergylett.5c03184
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As Eg approaches the VB, electrons are extracted from the NC,
leading to vacancies in the VB, that is, p-doping. This reduces
the rate of absorption (red cross, right-hand side; Figure 2a)
and, consequently, the PL intensity. The success of p-doping
and the required electrochemical potential can therefore be
inferred from the potential-dependent PL scans.

We note that all R-CA-covered NC samples exhibit some
degree of photobleaching caused by the exposure to the
electrolyte solution (CH,CN/TBAHFP) and/or laser radia-
tion without applying any potential as detailed in the SI —
Figure S7. This is expected due to the poor tolerance of lead
halide perovskites to polar solvents. By convention, we
reference all SEC data against the half-wave potential of the
ferrocene/ferrocenium redox couple (Fc/Fc') in the same
electrochemical cell and electrolyte solution (SI — Figure S8,
spectroelectrochemistry cell in SI — Figure S9).

We display the results of an exemplifying SEC PL spectral
series for CACF;-covered NCs in Figure 2b with a 2 mV/s
sweep rate and 1 s spectral integration time. The recorded
cyclic voltammogram during this measurement is depicted in
Figure 2c. A spectral slice of the series in Figure 2b taken at the
PL maximum reveals abrupt darkening at 0.49 V (Figure 2d),
which we attribute to the beginning of the hole injection. To
prevent oxidative decomposition, we switch the scan direction
at 0.76 V toward the open circuit potential at —0.14 V, after
which we initiate the next scan cycle. The mostly identical
shape compared to the first cycle, including a comparable
potential for hole injection (0.46 V), indicates a large degree of
reversibility of this action. This is supported by the spectral
shape of the three PL measurements taken at the open circuit
potential and the onset potentials of charge injection, which
are overlaid in Figure 2e to showcase their almost identical
shape and spectral position.

We continue with an analogous SEC PL analysis of CAH-
and CAOMe-covered NCs in Figure 3. Both samples exhibit
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Figure 3. Normalized PL intensity trace as a function of the
applied potential for a) CAH-covered NC. b) CAOMe-covered
NCs. ¢) Summary of onset potentials for hole injection of different
CA-R-covered NCs with number of measurements n and medians
of hole injection onset potentials (in white) at 0.49 V (CACF,),
0.73 V (CAH), and 0.8 V (CAOMe) vs Fc/Fc*.

qualitatively similar behavior to the previously discussed scan
for CACF;-covered NCs in Figure 2d, however at significantly
more oxidative potentials (0.72—0.77 V). Figure 3c provides a
summary of the statistical average (n = 6 to 11) of all three
hole injection potentials with 0.49 V for CACF;-covered NCs,
0.73 V for CAH- and 0.8 V for CAOMe-coverage. For device
purposes, we note that these values correspond approximately
to —5.39 eV, —5.63 eV, and —5.7 eV on the electronic energy
scale vs vacuum for CACF;-, CAH- and CAOMe-coverage,
respectively, taking the Fc/Fc" half-wave potential at —4.9 eV
vs. vacuum as a widely accepted reference point.*'

We did not succeed with reversible hole injection into
CANMe,-covered NCs (see SEC PL data in the SI — Figure

569

S13a). Our CV data of pure CANMe, suggest that the ligand
itself decomposes irreversibly before holes are injected into the
NCs (see SI — Figure S13b).

We investigate the performance in LEDs in Figure 4 of the
three R-CA-covered NC systems that exhibit a reversible hole
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Figure 4. Characterization of CA-R/OAm and ligand-stripped NC
(washed, light blue) LEDs. a) Flat-band energy diagram of LED
with CsPbBr; NCs as emissive layer (green). b) Current density (j,
solid lines) and luminance (dashed lines) vs voltage. c) EQE vs j.
d) Flat-band energy diagram of hole-only device. e) j vs voltage
from single carrier devices (holes).

injection. Since exceptionally high colloidal stability is crucial
for device fabrication, we had to modify the NC ligand
exchange procedure according to Protesescu et al.'” Briefly, we
first precipitated the as-synthesized NCs and exposed them to
a mixture of OAm (which increases colloidal stability) and one
of the three R-CA derivatives. For each CA, the ratio of ligands
was kept the same, with the goal of addressing differences in
the LED behavior relative to the introduced CAs. In addition,
NCs after two precipitation/washing steps without adding new
ligands (washed) are investigated as a reference.

Figure 4a shows the energy level diagram of the built
devices. Energy levels for the transport layers were sourced
from previously published reports.””*>** In the case of the
cinnamate-covered NCs, we extracted the valence band
position from the hole-injection potential measured by SEC
PL (—5.37 to —5.71 eV), while we obtained the conduction
band position by adding the optical band gap determined from
PL measurements. Figure 4b presents the current density—
voltage—luminance (j—V—L) characteristics of the fabricated
LEDs including the ligand stripped (washed, light blue) LEDs.

In the case of ligand stripping, we observe V, at ~2.4 V and
a luminance onset at ~2.8 V with a maximum luminance of
~120 cd/m?* While the facilitated charge injection compared
to as-synthesized NCs (SI — Figure S21) may appear
substantial, the EQE—j characteristics (Figure 4c) reveal a
steady increase in EQE with rising current density, with a peak
value of 0.033% at ~20 mA/cm?, characteristic of trap-filling
behavior, followed by a sharp roll-off. This is consistent with a
more exposed NC surface after ligand removal. Moreover, the
electroluminescence (EL) spectrum of these ligand-stripped
devices (SI — Figure S22) displays a broad parasitic emission
at ~420 nm, attributed to the PTAA hole transport layer

https://doi.org/10.1021/acsenergylett.5c03184
ACS Energy Lett. 2026, 11, 567—572
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(HTL),* indicating electron leakage through the emissive
layer and subsequent recombination in the HTL.

In contrast, devices passivated with cinnamate ligands
display lower current densities compared with the ligand-
stripped NCs, but with comparable V,,, (~2.4 V) and a slightly
earlier luminance onset (~2.6 V). Among the cinnamates,
CAOMe (purple) yields the lowest current density and
reduced luminance output, indicating impeded carrier
injection. We detected the highest luminance for CACF;-
covered NCs (orange), which can also be observed in their
EQE—j characteristics (Figure 4c): CACF; exhibits more
stable EQE values at low current densities (~0.8%) compared
to CAH and CAOMe, suggesting improved carrier balance
enabled by enhanced hole injection. EL spectra (SI — Figure
S22) at 0.1 and 1 mA further confirm the trend that CACF;
devices show stable emission exclusively from the NCs,
whereas CAH and CAOMe devices exhibit additional parasitic
emission from HTL. Despite these improvements, all
cinnamate-based devices exhibit notable EQE roll-oft at higher
current densities, underscoring the limited stability of these
NCs.

Additionally, we prepared hole-only devices (flat-band
energy diagram** in Figure 4d) to study single carrier injection
that might indicate some correlation to the SEC PL
measurements on hole injection directly into the NCs. Figure
4e shows the highest current for CACF; covered NCs followed
by that for CAH and CAOMe. This result indicates that holes
are more easily transferred to the NCs covered by CACF; than
the electron donating ligands on the NC surface present in
LEDs.

We investigated the influence of z-conjugated cinnamate
ligands with varying electron-donating and electron-with-
drawing substituents on charge injection into CsPbBry NCs.
A general trend emerges: NCs functionalized with electron-
withdrawing ligands exhibit hole injection at applied potentials
lower than those of their electron-donating counterparts
(Figure 3c). This view is supported by the hole-only devices
in Figure 4e where the electron-withdrawing ligand CACF;
invokes the largest current densities. We note that these results
are counterintuitive considering previous XPS studies on PbS
NCs.>* In those systems, the attachment of electron-with-
drawing cinnamates shifted the absolute band edge positions
toward higher potentials, thereby making hole injection more
difficult. This discrepancy motivated us to compute the
electronic structure near the band gap of CsPbBr; NCs
covered with the three cinnamates applied here using PBE-D3
DFT functional (see Computational details in the Supporting
Information). As expected, the highest molecular orbital
(HOMO) energies of the pure R-CA molecules follow the
order —CF; < —H < —OMe, highlighting that CACF; has the
highest ionization potential (SI — Figure S23). When these
molecules are attached to the NC surface, the valence band
edge positions of the NCs follow the same qualitative trend;
that is, the potential for hole injection into CACF;-covered
NCs is the highest (SI — Figure S23). We varied the binding
sites and the number of molecules attached to the NC surface
to find that the differences in hole injection potential decrease
and converge toward the value calculated for bare NCs upon
using fewer ligands (SI — Figure S24). These computational
results indicate that R-CA binding should have a significant
effect on the hole injection potential of CsPbBr; NCs, and the
effect is qualitatively comparable to the aforementioned studies
with PbS NCs.** However, they are in contradiction to our
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SEC PL and LED results, suggesting that a kinetic, rather than
thermodynamic, factor is important for hole injection into
CsPbBr; NCs.

A likely source for kinetic hindrance of charge carrier
injection into the as-synthesized perovskite NCs are the long-
chain aliphatic ligands OA and OAm, which are electrically
insulating. Both, LED (SI — Figure S21) and SEC PL
measurements confirm negligible charge transfer for this
system, and cyclic voltammograms display only capacitive
currents (SI — Figure S25). Ligand stripping removes these
insulating chains, exposing under-coordinated surface sites that
facilitate direct charge injection into the NCs with notable
effects on the LED performance (Figure 4b,c) and PL
quenching in SEC experiments (SI— Figure S26). A
disadvantage is the large number of traps formed by this
action, for which we find evidence in the EQE determination
(Figure 4c) that requires large current densities to become
significant, presumably because traps need to be filled first.

A good compromise between the two extremes of a dense,
insulating ligand sphere vs no ligands at all are the cinnamate
ligands employed in this study. Their #-systems provide an
efficient electronic bridge between the NC and the electrode.
We hypothesize that in the most electron-withdrawing ligand
CACEF;, electron density is shifted from the NC core toward
the ligand, leading to stabilization of the VB electrons through
delocalization into the ligand 7-system. In such a scenario, the
VB of the NC and the HOMO of the ligand form a coupled
electronic manifold. Hole injection into this shared state
during SEC PL would therefore simultaneously deplete
electron density from both NC and ligand, leading to a greatly
reduced kinetic hindrance of hole injection. For the electron-
richer cinnamates, the delocalization of the electron density
from the NCs into the z-system is expected to be weaker.

Because SEC PL probes the coupled NC—ligand system as a
whole, the trends observed in electrochemical measurements
directly translate to LED operation: electron-withdrawing
ligands facilitate hole injection and preserve emission intensity
under high current densities, whereas electron-donating ligands
exhibit reduced stability and higher injection barriers. This
strong correlation between SEC PL and device data under-
scores the utility of SEC PL as a predictive tool for evaluating
the interfacial charge-transfer properties in NC-ligand
systems.

In this work, we have demonstrated successful ligand
exchange strategies for cinnamic acid derivatives on CsPbBr;
NCs. In addition, we have investigated charge injection into
these NCs by SEC PL, focusing on hole injection. By using this
method, we could derive an unexpected trend: hole injection
into NCs with electron-withdrawing ligands attached is
facilitated compared to electron-donating ligands. These
findings are supported by the performance of the NCs in
LEDs and hole-only devices. We address this behavior to
different degrees of kinetic hindrance of charge carrier
injection into the NCs through their ligand shell.

These findings emphasize the advantages of attaching
directly z-conjugated ligands to NCs since they can influence
the electronic properties and guarantee charge injection even
at low bias. It also highlights the comparison of SEC PL and
the performance in LEDs.
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