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Nickel oxide (NiO,) is among the few p-type metal oxide semiconductors considered a strong candidate
for hole transport layers in halide perovskite solar cells (PSCs). However, its reactivity with perovskite
ions poses significant challenges to achieving high efficiency and long-term stability. Here, we
investigate passivation of detrimental reactive surface sites on NiO, by carbazole phosphonic acids. We
leverage electrochemical cyclic voltammetry (CV) of NiO, electrodes as a proxy measure for the redox
activity that afflicts PSCs. From the CVs, we derive a metric, N (units cm™2), that relates to the number of
redox active sites on NiO, surfaces. We observe a statistically significant negative correlation between
PSC efficiency and N-value that indicates PSCs are more efficient on NiO, with lower electrochemical
reactivity. The new mechanistic insight into NiO, passivation demonstrates it requires a reducing agent
and Brgnsted acid combination, providing a broadly applicable approach for evaluating and enhancing
the stability and performance of NiO,-based interfaces in photovoltaics.

Nickel oxide (NiO,), a widely used hole transport layer in perovskite solar cells (PSCs), plays a critical role in device performance but often suffers from
interfacial reactivity with perovskite ions, leading to degradation and instability. Although PSCs are considered leading candidates for next-generation
photovoltaics due to their high efficiency, solution processability, and low manufacturing costs, their long-term stability remains a major obstacle to
commercialization. In this work, we introduce a straightforward electrochemical method—integrated cyclic voltammetry—to directly count redox-active surface
sites and quantify this interfacial reactivity. By attaching carbazole or other phosphonic acid molecules directly to these reactive sites to suppress the number,
we demonstrate improvements in both efficiency and stability. More broadly, our study establishes a general framework for diagnosing and mitigating
detrimental surface reactivity in metal oxide-based interfaces, offering design principles for robust, high-performance energy conversion technologies.

Introduction
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Cubic phase nickel oxide (NiO), often denoted NiO, to repre-

b Cubic PV Co., Ltd, Bedford, MA, 01730, USA

¢ Department Interface Design, Helmholtz-Zentrum Berlin fiir Materialien und
Energie GmbH, Berlin, Germany

 Energy Materials In-Situ Laboratory Berlin (EMIL), Helmholtz-Zentrum Berlin fiir
Materialien und Energie GmbH, Berlin, Germany

¢ Department of Chemistry and Pharmacy, Friedrich-Alexander-Universitdt Erlangen-
Niirnberg, Erlangen, Germany

I Department for X-ray Spectroscopy at Interfaces of Thin Films, Helmholtz-Institute
Erlangen-Niirnberg for Renewable Energy (HI ERN), Berlin, Germany

¢ Chemistry Department, Colorado School of Mines, Golden, Colorado, 80401, USA

h Physics Department, University of Colorado, Boulder, Colorado, 80303, USA

! Renewable and Sustainable Energy Institute (RASEI), University of Colorado,
Boulder, 80303, USA

884 | Energy Environ. Sci., 2026, 19, 884-895

sent deviations from ideal stoichiometry and OH groups, where
the H is implicit. It is well-known to have p-type semiconduct-
ing character with a relatively shallow valence band maximum
(VBM) and ionization energy ranging from 3.9-5.7 eV." It is
therefore a viable candidate as a hole collection contact in
photovoltaic devices™® such as metal halide perovskite solar
cells (PSCs)® and a low resistance hole injection contact in
transistors,'® light-emitting diodes,"! and sensors.'*"'® Because
it is an oxide, it is potentially more stable at elevated tempera-
tures in combination with illumination where organic mole-
cules might experience rapid degradation."*™"” Therefore, it is a

This journal is © The Royal Society of Chemistry 2026
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promising candidate to improve device durability for PSC
commercialization. However, a significant issue lies in
chemical reactions at interfaces between NiO, and the halide
perovskite material, specifically in its tendency to degrade
iodide anions and organic cations in the perovskite structure
as previously reported.”'*! In extreme cases, NiO, can react
with perovskite salts like methylammonium iodide (MAI) to
convert to Nil,.>*' These degradation reactions are a major
obstacle to device efficiency and longevity.>>

A significant contributing factor to instability of NiO,/per-
ovskite interfaces is the heterogeneous nature of the surface,
which can exhibit multiple oxidation states, including Ni in the
2+, 3+, and even 4+ oxidation states.?* Ni oxidation states > 2+
are capable of oxidizing iodide, degrading methylammonium
(MA) and formamidinium (FA) cations in the process.” Depend-
ing on the specific synthesis and processing methods used to
prepare the NiO, layer, the distribution of oxidation states and
associated surface structures can differ widely, resulting in
inconsistent PSC efficiency and stability.>*>> This unpredict-
ability should be better understood to enable reliable HTL
materials in PSCs.”®*” Often, the NiO, surface can be passi-
vated to improve PSC efficiency. While many passivation stra-
tegies exist, a commonly employed treatment is deposition of a
carbazole (Cz) tethered to a phosphonic acid (PA) abbreviated
as PACz. However, the mechanism by which the PACz ‘“self-
assembled monolayer” (SAM) passivates the NiO, surface, and
insight into how to design better passivation strategies,
remains poorly understood.

In this study, we explore a representative set of PACz
molecules with varying side groups at the Cz 3,6 positions
and N-alkyl chain length between the Cz and PA to system-
atically understand the passivation efficacy. We find a clear
correlation between the surface reactivity of NiO, and the
efficiency of resulting PSCs. Specifically, we utilize cyclic vol-
tammetry (CV) in an aqueous KCl electrolyte to characterize the
current density arising from reduction/oxidation (redox) of near
surface ions and reactive ion adsorption sites at the NiO,
surface. We hypothesize that these active sites contribute
directly to chemical reactions that result in detrimental defects
during PSC device fabrication and operation. This rapid and
inexpensive measurement acts as an excellent proxy for the
types or extent of redox reactions one might expect at the NiO,/
perovskite interface. The PACz passivation is observed to sup-
press the redox activity and/or block surface sites for ion
adsorption/reactions. We additionally derive a metric, N, to
quantify the NiO, surface reactivity by integrating the current
density over an appropriate potential range. N is essentially
proportional to a combination of surface and near surface
redox reactions involving Ni*"** oxidation state changes,
adsorption/desorption, and O/OH protonation/deprotona-
tion.”?® % In general, we believe N and electrochemical activity
at NiO, surfaces and interfaces should be minimized for
optimal PSC efficiency.

We verify this hypothesis by fabricating PSCs from the NiO,/
PACz combinations and correlating the N-values to the PSC
current density-voltage (J-V) parameters. The power conversion
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efficiency (PCE) shows a strong and statistically significant
negative correlation to the magnitude of current passed in
the CV measurement. Our results reveal that passivation with
PACzs decreases the number of reactive surface sites with
differing efficacy, leading to a marked improvements in device
efficiency with decreased N. This demonstrates the relevance of
this measurement and its usefulness for accelerating PSC
research and development for NiO,-based devices. We envision
that further work in this area could result in a rapid measure-
ment capable of predicting PCE and are optimistic about future
work correlating to stability.

Moreover, we apply the same experiment to simple alkyl
phosphonic acids to decouple the role of the Cz and the PA to
better understand the passivation reaction mechanism. The
alkyl PAs show limited ability to passivate NiO, and minimal
improvement to PSC efficiency. Additional experiments on the
ability of NiO, to oxidize Czs reveal that effective passivation
requires a combination of a reducing agent and a Brgnsted acid
(proton source). Finally, we briefly discuss broader implica-
tions, including relating to recent organic photovoltaic (OPV)
observations where trends appear consistent with our results.
This study provides a comprehensive, general strategy, and
evaluation protocol for targeted surface passivation that
decreases the reactivity of NiO, for PSCs. Our findings go
beyond conventional approaches to interface engineering in
perovskite photovoltaics and offer rational design criteria based
on data driven insights for the development of future materials
and device architectures.

Result and discussion
Overview of NiO, chemical properties

The ideal semiconductor phase is pure cubic, near stoichio-
metric NiO, (Fig. 1a). Some defects are required to improve the
hole conductivity. However, there are additionally many related
Ni oxyhydroxide phases previously characterized and classified
as o-Ni(OH),, B-Ni(OH),, B-NiOOH, and y-NiOOH.>*?"3> 1t is
important to note that these phases are not pure and can
contain mixtures of phases and oxidation states of Ni as
well as varying amounts of intercalated species. In addition, a
Ni,O; phase exists, though it is challenging to isolate and
characterize.**** Moreover, a NiO, phase is theoretically feasi-
ble, but it is not expected to be stable since highly oxidizing
Ni*" will readily react with atmospheric water to form peroxides
and partially reduce Ni*" to Ni*", especially at surfaces.>> The
properties of NiO, materials are sensitive to the synthetic
conditions. For example, one researcher’s 3-NiOOH could have
significantly different behavior than another’s (Fig. 1b).

To complicate the surface chemistry more, the surface of
NiO, can have specifically adsorbed species such as hydroxides
and peroxides (Fig. 1a). The surface termination, Ni oxidation
state, and phases present are easily altered at low temperatures
under changing conditions. For example, the surface will
change when placed in a protic or hydrous environment and
when voltages are applied, where cyclic voltage stressing can
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Fig. 1 NiO, films produced from sputtering, solgel or nanocrystal routes and their CV behavior. (a) Depiction of NiO, surface structure and species. (b)
Photos of various NiOjy film precursors and corresponding SEM images (scale bar: 500 nm). (c) Progressive CV on film formed from NiO, nanoparticles.

OER: oxygen evolution region. (d) CV scan comparing the different types

shrink and grow surface phases resulting in gradual breakdown
of the cubic NiO structure as observed for the instability of
electrochromic devices.>***® The plausibility of alternative
phases and surface species on a purely cubic NiO crystal is
depicted in Fig. 1a.

Thin films of NiO, can be processed in a variety of ways for
PSCs such as sputtered, solgel, and nanoparticle NiO, routes
shown in Fig. 1b, which also shows differences in appearance
of the starting materials and resulting morphology visible by
SEM. Visually, the source material colors vary between green,
gray and black, where sputtered forms appear light gray/green,
sol-gel NiO, precursor are more vibrant green, and nano-
particles are often black. Color variations are mainly due to
non-stoichiometry, defects (vacancies or various oxidation
states like Ni**), and quantum size effects.>*™*"

NiO, aqueous electrochemistry

Electrochemical properties, reactions, and phase changes in
aqueous electrolytes are widely studied for NiO,s.?*37:38:42
Notably, NiO, rarely behaves as an ideal semiconductor (trans-
fers valence band holes to the redox couple) when driving redox
reactions. Instead, it often behaves as an electrocatalyst where
near surface and surface Ni changes oxidation states between 0

886 | Energy Environ. Sci., 2026, 19, 884-895

of NiO, showing obvious variations in the redox behavior.

and 4+.2%%%%7% Regarding the oxygen evolution reaction
(OER), it is known the highly oxidizing Ni*" state reacts with
adsorbed water to form peroxides, which then subsequently
react to release O, in a catalytic fashion.*

Fig. 1c shows progressive CV scans on NiO, films from
nanoparticles with different intervals starting from —0.1 V
versus Ag|AgCl (1 M) to 0.5-1.1 V, increasing the anodic range
by 0.1 V every 3 cycles, in 0.5 M KCl at natural pH (~5.5). A bare
tin-doped indium oxide (ITO) control is also plotted for com-
parison. The ITO control shows a nearly square CV, which is
just the double layer capacitance. The NiO, shows much higher
current density, which we attribute to redox activity of the NiO,
surface. Notably, we observe three distinguishable regions. The
low potential feature (~ 0.2 V) only appears and grows when the
anodic voltage exceeds 0.6 V, and we attribute this to an
adsorbed species formed by reacting with electrochemically
induced Ni*". This feature is plausibly a peroxide or other
reactive oxygen species that forms at specific reactive surface
sites. We verified that our measurement does not involve K
intercalation reactions by an independent measurement in
hexyltrimethylammonium bromide (Fig. S1) where such a bulky
cation cannot intercalate into a layered NiO, structure. We
hypothesize that these surface adsorption/reaction sites should

This journal is © The Royal Society of Chemistry 2026
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be eliminated or blocked for optimal PSC performance.
Chemical reactions can release detrimental defects and impu-
rities during device fabrication and operation.

Between 0.4-0.8 V corresponds primarily to Ni
tions (and is also the electrochromic transition region) such as
B-Ni(OH), — PB-NiOOH.*”***°® Beyond 0.8 V, higher oxidation
states are possible in phases like y-NiOOH and eventually Ni**
can induce OER.>**” Moreover, while the characteristics vary,
we observe the same general features irrespective of the NiO,
processing route as shown in Fig. 1d, yet the PSC performance
on these different NiO,s also vary widely (Fig. S2). Sol-gel NiO,
and as-deposited (room temperature) sputtered NiO,s often
display large redox activity, which is significantly decreased
with increasing annealing temperature (Fig. S3).

Frequently, despite having a high surface area, we observe
nanoparticle NiO, to have the lowest CV current density,
irrespective of annealing temperature, and most distinct
features which may be a result of calcination at high tempera-
tures during synthesis. This step should facilitate the lowest
impurity phase content (cubic NiO, conversion occurs
>350 °C"*%), highest crystallinity, and a simple process that
does not drift over time, providing excellent reproducibility
(Fig. S4). Our early exploration using electrochemical character-
ization revealed our NiO, sputtering process drifted over the
course of several months depending on the age of the target or
contamination from other oxide targets in the system. Addi-
tionally, sol-gel NiO, electrochemical features were strongly
dependent on the annealing temperature and ambient condi-
tions. For this reason, we focus on this nanoparticle NiO, as a
model system throughout this study to characterize further and
fabricate PSCs. This allowed us to repeat the quantifications
and statistical analyses discussed in the following sections
several times to improve our confidence in the results.

Our electrochemical measurement selectively probes the
redox active species at an electrode surface which is what we
specifically target in this work. It should be sensitive to subtle
changes to the surface termination, dopants, and ligands on
various NiO, materials. Moreover, it induces changes to or
formation of reactive species in response to anodic potentials
that the NiO, anodes experience in operando in PSCs. It is
important to note that we believe KCl aqueous electrochemistry
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at pH < 7 is a suitable proxy for the redox activity of NiO, when
in contact with halide perovskite solutions and solids. Both
environments are highly polar, protic (from labile H on MA
and FA), and contain halides. Additionally, in the perovskite
system, methylamine and NH; originating from cation degra-
dation may coordinate to ions or surfaces similarly as H,O.

The surface properties of the NiO, particles were also
characterized by Fourier transform infrared spectroscopy
(FTIR) and X-ray photoemission spectroscopy (XPS). FTIR
showed a distinct change in the OH content of the NiO, sample
(Fig. S5). The Ni 2ps/, spectrum of the bare NiO, particles
control (Fig. S6) indeed deviates from that of a NiO reference.
The intensity variation at the higher binding energy region
(indicated by an arrow) of the main line peak is attributed to
the presence of a variety of Ni-OH species, including o-Ni(OH),,
B-Ni(OH),, B-NiOOH, and y-NiOOH, agreeing with the CV
measurements. Note, however, that XPS is not able to distin-
guish between these Ni-OH species,*® so as a representative
spectrum, only y-NiOOH is shown in Fig. S6. The sample
environments during measurements differ, with the likelihood
of the formation of Ni-OH species being significantly higher in
the aqueous environment of CV than the UHV of XPS. Never-
theless, the measurements in UHV are still in agreement with
an average Ni oxidation state >2+. This is predictive of the
increased redox active states, as discussed above.

CV to observe and quantify passivation

NiO, is often used in combination with an organic layer or
surface modifier to improved PSC efficiency where a common
passivation treatment is to apply PACzs.*°>* This can be viewed
as a ligand exchange which is common while processing
nanoparticles into functional films.”> From our FTIR, the main
ligand observed was OH (Fig. S5). However, changes to the
reactive sites on NiO, surfaces by PACz passivation have not yet
been investigated in detail, and we will show optimal passiva-
tion is somewhat more complicated than a ligand exchange.
Fig. 2a shows electrochemical CV results for NiO, and NiO,
treated with (4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)phosphonic
acid (Me-4PACz). The measurement reveals that the overall
curve for NiO,/Me-4PACz is narrower compared to the NiO,
control. The region where the control develops a new absorbed
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Fig. 2 CVand JV comparison between passivated and un-passivated NiO,. (a) CV for nanoparticle NiO, and NiO,/Me-4PACz. (b) JV for NiO, based PSC

and NiO,/Me-4PACz based PSCs.
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species forms during the CV is drastically suppressed, while the
Ni**®* electrochromic region is slightly suppressed (shaded
regions under the curves). The features in the CV of NiO,
indicate that the NiO, surface is electrochemically active, and
we hypothesize that attaching a molecule to that surface site
could substantially reduce the electrochemical activity of NiO,
have a positive effect on solar cell metrics. We fabricated PSCs
using the NiO, and NiO,/Me-4PACz (device architecture and
processing details in methods) where the Me-4PACz passivation
dramatically improves the PCE. This directly supports our
hypothesis and correlation to electrochemical CV properties.
Moreover, this effect is general to all types of NiO, (Fig. S7).

The shaded region in Fig. 2a is integrated (subtracting the
ITO double layer capacitance value) to derive the charge passed
during this section of the CV (units cm %) which we call N. The
calculation of N is described by eqn (1):

N:AlfJ(V) (1)

eV 065

where AV is the voltage step size, e is the electron charge, v is
the scan rate, and J is the measured current density. This
quantity represents the surface redox activity of NiO,. The Cz
groups are sometimes oxidized (i.e. Cz° — Cz') at potentials
>0.65 V as shown by ITO/PACz controls. The chosen voltage
window isolates the redox processes associated with NiO,, as
the oxidation of Me-4PACz would otherwise skew the assess-
ment of intrinsic NiO, redox behavior (Fig. S8).

NiO, surface passivation in perovskite solar cells

We applied this analytic electrochemical method capable of
quantifying the density of electrochemically active sites on the
NiO, surface for a set of PACz molecules with various lengths
and side groups shown in Fig. 3a. The 3,6 position side groups
on the Cz molecule modify their energy levels by their electron
donating or withdrawing nature. To assess the influence of
these PACzs on device performance, we fabricated PSCs with an
inverted (p-i-n) structure of Glass/ITO/nanoparticle NiO,/PACz/
Perovskite/Phenethylammonium chloride (PEACI)/Phenyl Cé61
butyric acid methyl ester (PCg; BM)/ALD-SnO,/Ag (Fig. 3b). Note,
we had no complications from coating wettability of the per-
ovskite ink which is a well-known problem when the SAMs are
full coverage.>® Therefore, our SAMs are most likely not full
coverage, their primary impact is defect passivation of the NiO,,
and the NiO, remains capable of functioning as the primary
hole extracting material. The N-value obtained from the CVs
(Fig. S9) for the NiO,/PACzs in Fig. 3c shows that the effective-
ness of decreasing the redox activity of the NiO, surface varies
by a factor of 4-5 (AN versus the NiO, control, order of
magnitude ~10" c¢cm™?). The PSC device parameters PCE,
open-circuit voltage (Voc), fill factor (FF), and short-circuit
current density (Jsc) from J-V measurements under AM1.5G
simulated solar illumination are shown in Fig. 3d.

We plot the device parameters versus N in Fig. 3e which
exhibits a negative correlation between N and all major photo-
voltaic performance metrics. This relationship is further

888 | Energy Environ. Sci., 2026, 19, 884-895
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confirmed by calculating the double-sided P-values using
the Pearson’s R coefficient and the degrees of freedom to
be <0.012. This indicates that the N-value is correlated to
device metrics with >98.8% confidence, and the probability
of the null hypothesis that the correlation is due to random
chance is <1.2%. The P-values for Jg., FF, and PCE are lower
than for Vy, which allows us to be even more confident in the
statistical significance of the N-value correlations for these
metrics. From these plots, a clear correlation emerges between
the redox activity of the NiO,/SAM interface and key photo-
voltaic parameters. Devices incorporating SAMs that exhibit
higher interfacial redox activity tend to show inferior efficiency.
Overall, the device PCE is influenced by many factors such as
subtle differences in perovskite crystallization, but the correla-
tion analysis shows that increased electrochemical activity at
the interface detrimentally affects the electronic quality of the
device.

Notably, all metrics Voc, Jsc, and FF, and therefore PCE, are
improved in devices employing PACzs compared to un-
passivated NiO,-based controls as depicted in Fig. 3d. This
enhancement is further supported by the observed decrease in
the integrated current observed in CV measurements, indicat-
ing more efficient charge carrier transport and reduced inter-
facial trap density. These device improvements are similarly
reflected in optoelectronic property characterization where the
same trend is observed in quasi-Fermi level splitting (QFLS)
measurements derived from photoluminescence quantum
yield (PLQY) and photocarrier lifetime (a negative correlation
between QFLS and N, Fig. S10). This suggests the reactive
surface sites contribute to unwanted non-radiative recombina-
tion in our devices.

Among the PA carbazoles studied, Me-4PACz yields the
lowest N-value (4.44 x 10"* em™?) and simultaneously delivers
the highest average device efficiency, indicating superior passi-
vation capability. MeO-2PACz appears as an outlier in the N-
value correlation plot compared to other PA carbazoles deriva-
tives. This is attributed to pronounced redox features observed
near 0.1 V and 0.6 V (Fig. S8¢c), which contribute to the elevated
N. This excess current density is likely a property of MeO-2PACz
and not the underlying NiO,. For this reason, we regard MeO-
2PACz N as an outlier, and do not include it in the statistical
correlation analyses. We see similar extra reactivity for MeO-
4PACz on ITO, but the NiO,/MeO-4PACz has no obvious exces-
sive current density in early cycles allowing us to quantify the
reduction in N and include it in the statistical analyses.

Mechanism investigation

In our previous study, we demonstrated that higher Ni oxida-
tion states on NiO, surfaces will oxidize iodide, but only in the
presence of certain additional reactants.” Briefly, MAI and FAI
will react, while Pbl,, Csl, MABr, and FABr will not. This
confirms that a protic Brgnsted acid is needed to react along
with the reducing agent (iodide in this case). The reaction for
halide perovskite salts with high oxidation state Ni surface
species (e.g. Ni*") is given by eqn (2) adapted from Boyd, C. C.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 PA carbazole passivation effects and their correlation to N-value. (a) Molecular structure of PA carbazoles. (b) Device structure. (c) N-value for
various PA carbazoles on NiO,. (d) Perovskite solar cell performance based on NiO, passivated with different PA carbazoles. (e) Correlation between

N-value and perovskite solar cell performance.

et al.” which is a proton transfer-electron transfer reaction:

1
HAPbI; + NiZ** Oy — Pbl, + Fh+A+ NiZ**OH (2

In the case of PACzs, the PA is naturally the Brensted acid.
Most of the acid groups likely react with NiOH and NiO surface

This journal is © The Royal Society of Chemistry 2026

species via a straightforward acid-base reaction resulting in a
variety of bidentate and tridentate attachments. Such an acid-
base reaction does not necessarily discriminate between Ni**
and Ni*" but cannot change their oxidation states. We are left to
assume the most problematic Ni** sites are eliminated by Cz
acting as the reducing agent despite its deep highest occupied
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molecular orbital (HOMO, also known as the ionization
potential). Following eqn (2), a reaction specific to passivating
high oxidation state Ni is shown in eqn (3) where n = 2 or 4 for
the alkyl chain.

Cz°(CH,),PO(OH), + Ni*'0*” —
Cz'(CH,),[PO,OH] + Ni*"(OH)~ (3)

Note the importance of having both the Cz reducing agent
and acidic PA to transfer a proton for the passivation reaction,
which is distinct from the mere PA/OH surface attachment
reaction. To test the above hypotheses, we performed CV on
NiO, treated with phosphoric acid and hypophosphorous
acid (Fig. S11) which showed no passivation by phosphoric
acid, and some for hypophosphorous acid. Hypophosphorous
acid is a reducing agent, consistent with the mechanisms
proposed above.

Thus, we applied the same methodology, treating the NiO,
with alkyl PAs with systematically varied alkyl chain lengths
from methylphosphonic acid to hexylphosphonic acid as
shown in Fig. 4a, to explore the relationship between molecular
length, possible differences in surface packing, physically spa-
cing the perovskite from the NiO, on the overall device perfor-
mance. The CV-derived N-values (Fig. S12) for these molecules
are shown in Fig. 4b which are all essentially equivalent. While
some passivation is observed, none of these simple molecules
minimize the redox activity as effectively as Me-4PACz despite
being able to pack more densely than PACzs. As shown in
Fig. 4c, all the alkyl-PAs examined contribute to slightly
improved device efficiency relative to un-passivated NiO,,
demonstrating effective passivation behavior even at the

890 | Energy Environ. Sci., 2026, 19, 884-895

expense of an obvious charge extraction barrier (e.g. lowered
FF for HexPA).

These performance variations align with the redox activity of
the alkyl-PAs-treated NiO,, as quantified by the integrated N-
value from CV measurements, shown in Fig. S12. Bare NiO,
exhibited a high N-value of 6.64 x 10" cm™?, correlating with
moderate PCE values ranging from 9% to 12% and V¢ values
between 0.90 and 0.95 V. Upon passivation with alkyl-PAs, the
N-value decreased to ~5.11-5.30 x 10" em™?, indicating
suppressed redox activity and chemical reactivity, which corre-
sponded with enhanced PCE, Vi, Jsc, and FF compared to un-
passivated controls. There was no clear trend in the tail length on
N, but increasing tail length appears to slightly improve device
metrics. Because the alkyl PAs all had essentially the same N-
value, a correlation could not be extracted for this experiment
alone. However, we aggregated the device metric versus N-value for
all the SAMs in this study in Fig. S13. This analysis shows that the
overall negative correlation trendline between N-values and device
efficiency is strengthened by including the alkyl-PA data, reducing
the probability that the null hypothesis (no correlation between N-
value and device metrics) is true to <0.4%. This confirms that
effective suppression of NiO, surface redox reactions is a key
determinant of improved photovoltaic performance when non-
radiative recombination is limiting.

All the alkyl PAs lacking a reducing agent were unable to
obtain the level of passivation realized by Me-4PACz, Me-2PACz,
and MeO-4PACz (and, presumably MeO-2PACz). Additionally,
Cz alone (no acidic protons) did not show any passivation via
CV (Fig. S14). Thus, the data is consistent with the hypothesis
that full passivation of the variety of reactive surface sites
requires both a reducing agent and Brgnsted acid.

This journal is © The Royal Society of Chemistry 2026
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To examine this hypothesis further, we tested if Ni** or Ni**
can lead to sufficiently oxidizing conditions to oxidize these
Czs. In this experiment, we dissolved PACzs in ethanol and
added to a mixture of commercially advertised NiO, particles in
water. Notably, upon mixing NiO, powder with PACz solutions
where the Cz units contain electron-donating methoxy substi-
tuents—specifically MeO-2PACz and MeO-4PACz—the solu-
tions exhibited an immediate color change to green (Fig. 5a),
indicative of radical cation formation.”” Aliquots of the MeO-
2PACz before and after (filtered to remove trace NiO,) inter-
action with NiO, was characterized by UV-visible spectroscopy.
As illustrated in Fig. 5b, new absorption features emerged
around 760 nm and 400 nm following exposure, which are
consistent with the spectroscopic fingerprints of oxidized
carbazoles.”®"°

Over the course of approximately 70 minutes, the MeO-PACz
solutions transitioned to an orange hue, suggesting the pro-
gression of further chemical reactions (Fig. S15). Me-2-, Me-4-,
and Me-6PACz displayed a slower response, with a visible color
change emerging only after prolonged exposure (approximately
one day) to NiO, powder, as shown in Fig. 5a. These observa-
tions support the hypothesis that the more highly passivating
PACzs can be oxidized in the presence of NiO, with Ni**, Ni**,
or the species that adsorb to these sites (e.g. peroxides).

The observed reactivity also follows the expected trend for
the Cz HOMO energies given the electron donating/withdraw-
ing strength of the side groups. The HOMO energy is related to
the oxidation potential of a molecule.®® One would anticipate
the |HOMO| series to follow MeO < Me < H < Br. CV in the
KClI only electrolyte on ITO/PACz samples, where the Cz is the
main species participating in electrochemical redox, provides
direct confirmation of this trend where we extrapolated the

This journal is © The Royal Society of Chemistry 2026

relative oxidation potentials in Fig. S16. Furthermore, we
measured the oxidation potentials of iodide and bromide
(~10 mM in the 0.5 M KCI supporting electrolyte) at the ITO/
NiO, interface (Fig. 5¢). These data are fully consistent with our
previous observation on the lack of reactivity for MABr and
FABr’ because bromide is too difficult to oxidize, while iodide is
easier to oxidize than Cz groups. We then compiled all these
measured relative oxidation potentials in Fig. 5d. PACzs bear-
ing MeO groups at the 3,6-positions exhibit the shallowest
HOMO energy levels, rendering them more capable of reducing
Ni*" reactive sites. In contrast, SAMs with electron-withdrawing
groups, such as bromo-substituted carbazole derivatives, pos-
sess deeper HOMO levels and are thus less capable of reducing
Ni**, As a consequence, deeper HOMO SAMs are less effective at
suppressing the redox activity of NiO, surfaces, leading to
increased interfacial recombination/degradation and dimin-
ished device performance, fully consistent with our N-value
analyses.

This phenomenon reveals that PACzs, and passivation agent
combinations more generally, play multiple roles in NiO,-based
perovskite solar cells. First, the PA group passivates some
surface sites on its own via acid-base reactions. Second, the
Cz moiety with HOMO equivalent to Me-PACzs or shallower
(<5.4 eV, approximately) reduces Ni*" defects by transferring
electrons from the HOMO to Ni*" involving additional proton
transfer. The combination of these properties provides the
fullest passivation. Note, a precise HOMO energy/oxidation
potential is difficult to accurately measure and highly depen-
dent on many properties, including how the reducing agent
coordinates to the Ni*", Thus, it is difficult to predict the subtle
differences in passivation. Much more work on this topic is
necessary. Third, there is also the effect of physical buffering
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the perovskite from the NiO, surface, such as length and
coverage of PAs or PACzs. The full combination of mechanisms
helps suppress detrimental oxidative interactions, such as the
oxidation of iodide (I") to molecular iodine (I,) and MA and FA
degradation in the perovskite layer, thereby enhancing PSC
efficiency.

Wider implications

Our results on NiO,/PACz passivation are consistent with
several recent reports of high PCE PSCs as well as a study on
OPVs. Peng et al. observed improvements to PSC performance
in the order Me-4PACz > 2PACz > Br-4PACz.°" Angus et al.
observed NiO,/Me-4PACz to significantly outperform NiO,/
2PACz for two different perovskite compositions, consistent
with our observation that 2PACz provides only slight passiva-
tion for NiO,.** Their MeO-2PACz was much more variable,
which may align with the complex reactivity of this molecule we
observed. Finally, a recent OPV study combining NiO, and
SAMs observed PCE order ((4-(7H-dibenzo[c,g]carbazol-7-
yl)butyl)phosphonic acid (CbzNaph) > 2PACz > Br-2PACz.’
The CbzNaph has a shallower HOMO than 2PACz.®®> These
observations fit our trend of shallower HOMO PACzs more
effectively passivating NiO,. Thus, the impact of the reactivity of
NiO,, our fundamental insight on the relationship to HOMO
and passivation, and our method for quantifying these redox
active surface site densities may be broadly applicable to
optoelectronic devices. The electrochemical data can be com-
bined with information such as energy level alignments and
interfacial conductivity for a more comprehensive understand-
ing of device performance.

Overall, the results indicate that mixtures of acids and
reducing agents should be explored as passivation agents and
surface modifiers for NiO, hole extraction layers. Reducing
agents with oxidation potentials <5.4 eV (with respect to
vacuum) are most promising, but the influence of pkK, of the
acid groups requires more exploration. Performing our CV
protocol will provide additional insight. The surface treatment
parameter space is obviously extremely large, but our CV
method can be used to screen many conditions and mixtures
of promising candidates without having to make a full solar
cell. This measurement could also be easily adapted to quality
control and process variability characterization contributing to
commercialization efforts in other ways.

Conclusion

In summary, we present a systematic study of surface passiva-
tion of NiO,-based hole transport layers in perovskite solar cells
using PACz molecules to bind to, react with, and occupy
detrimental surface states that can limit solar cell efficiency
through non-radiative recombination. We demonstrate a
novel electrochemical characterization and proxy quantifica-
tion of the surface density of reactive sites and make statisti-
cally significant correlations to PSC device efficiency. Our

892 | Energy Environ. Sci., 2026, 19, 884-895

View Article Online

Paper

introduction of the N-value—a quantitative electrochemical
descriptor of NiO, reactivity—enables direct correlation
between surface passivation efficacy and device performance.
Finally, we identify the key roles of interface reactivity and
proton availability in modulating surface redox behavior
of NiO,. This study provides mechanistic insights and
practical guidelines for the rational design of next-generation
materials for PSCs and other devices underscoring the critical
importance of interface engineering in metal halide perovskite
technologies.
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