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Co-Catalyst Free Efficient Photocatalytic CO, Reduction
Using Facet-Engineered Polyhedral CsPbBr; Perovskite

Nanocrystals

Subarna Biswas, Rajashree P. Mishra, Jit Satra, Ram Sewak, Jyotisman Rath,
Anirban Mondal, Yatendra S. Chaudhary,* and Nimai Mishra*

In the quest for efficient photocatalysts, cancrystal shape engineering
outperform size reduction in enhancing photocatalytic performance? This is in-
vestigated using CsPbBr; perovskite nanocrystals (PNC) by comparing conven-
tional amine-capped, 6-facet cubic morphology with newly developed 26-facet
polyhedral nanocrystals synthesized via an amine-free approach. Surprisingly,
the larger polyhedral PNCs are far better at converting CO, into CO, despite
their lower surface-to-volume ratio than the 6-facet cubic PNCs. They achieve
a total CO yield of 394 umol g~ with a conversion rate of 35.81 umol g=' h~!
without any help from extra co-catalysts. To the best of the author’s knowledge,
this represents the highest reported CO evolution rate using 3-dimensional
PNCs as the sole photocatalyst, with performance comparable to or exceeding
systems employing co-catalysts. This enhanced activity arises from longer
excited-state lifetimes, improved charge transport, larger electrochemical
surface area (ECSA), and a higher density of charge carriers, as confirmed by
optical and electrochemical studies. Computational studies show that some
specific facets of this polyhedra bind CO, molecules more strongly and provide
the optimized binding energy to efficiently release the final product(CO).

With excellent 12-h stability, these shape-controlled nanocrystals enable

a pathway toward sustainable energy technology applications worldwide.

remain indispensable. An alternative strat-
egy involves actively capturing and trans-
forming CO, into valuable materials.!*?]
Unsurprisingly, CO, conversion has at-
tracted substantial research interest in re-
cent years. CO, is a highly stable molecule,
largely due to the strong carbon-oxygen
bond energy (750 k] mol™!), which de-
mands extreme temperatures and pres-
sures for thermocatalytic processes.[*] How-
ever, other promising methods, such as uti-
lizing light (photocatalysis)*! or electri-
cal energy (electrocatalysis),l”! offer viable
pathways for conversion. Among these two
catalytic processes, photocatalysis offers
certain advantages over electrocatalysis.'%]
Photocatalysis harnesses sunlight as a clean
and renewable energy source, eliminating
the need for external electrical bias and
reducing operational costs."!] Unlike elec-
trocatalysis, it avoids electrode corrosion
and mass transport limitations, making it
ideal for large-scale applications(such as
H, production, etc.) where continuous and
cost-effective output is crucial. To date,
the majority of photocatalytic studies have

1. Introduction

Since the shift to an industrial, carbon-dependent economy, in-
creasing CO, emissions have emerged as a critical environmen-
tal concern because of their role in driving climate change.
While reducing emissions is the most direct solution, it may
not always be feasible, especially in sectors where fossil fuels

explored binary and ternary metal oxides (such as TiO,, StTiO;,
BiVO,, metal sulfides, etc.)">" and chalcogen-based semicon-
ductors (such as CdS, CdSe, etc.).[2*%] However, these conven-
tional photocatalysts have several inherent limitations, such as in-
sufficient light-harvesting capability due to wide band gaps (e.g.,
metal oxides)[?* 27! or sluggish charge transport due to trap states
(e.g., CdS, CdSe, etc.).[28-30]
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In light of these limitations, researchers are actively exploring
operationally stable semiconductor photocatalysts with broader
optical absorption and better charge transport properties to
achieve superior photocatalytic performance. Given these re-
quirements, perovskite nanocrystals with both of these features
can be a potential option for photocatalysis.*! 32 In fact, recent
advances have showcased metal halide perovskite nanocrystals
(PNCs) with the formula ABX; (where A is Cs*, B is Pb**, and
X~ is a halide in our case), emerging as one of the most versa-
tile semiconductor materials.[**-3¢] Their versatility stems from
superior absorption coefficients, tunable band gaps, exceptional
defect tolerance, and long carrier diffusion lengths.[37-42]

Notably, these outstanding properties combine with the
feasibility of low-cost, solution-processed synthesis at mild
temperatures (~140-180 °C).3”*}] These exceptional features
have already enabled breakthroughs in perovskite-based so-
lar cells, 35 #5] light-emitting diodes,!*!l photodetectors,?2>4]
and X-ray imaging,>>>) and now their potential in photocataly-
sis is being actively explored.[® °7-38] In addition to these superior
properties, the context of photocatalytic CO, reduction reaction
(CO,RR), CsPbX; nanocrystals exhibit exceptional promise with
conduction band minima (from 1.0 to —0.5 eV vs NHE) ideally po-
sitioned to drive thermodynamically favorable CO, photoreduc-
tion pathways.[>°!

These functional properties of PNCs engendered consider-
able promise that halide perovskites may open up new avenues
for photocatalytic CO, reduction. However, reports that success-
fully showcase both good photocatalytic activity and long-term
operational stability in this domain are still less. These subopti-
mal performances of PNCs mainly stem from their weak ionic
bonds and low lattice energy, leading to their degradation in
polar solvents.[® %11 Moreover, in nonpolar environments, light-
induced degradation also results in the structural breakdown of
PNCs.[%263] Another obstacle for facile charge transport arises
from the presence of long-chain nonconducting ligands, which
are used to synthesize the PNCs.l%%¢] [n addition, the small
number of active sites on the PNC surface also leads to low con-
version efficiency of CO, molecules.!’]

A successful strategy to overcome these challenges must si-
multaneously pursue at least three objectives: 1) enhancing mate-
rial stability, 2) facilitating efficient charge separation, and 3) max-
imizing the ECSA and density of active facets. The material stabil-
ity can be enhanced by surface modification with ligands, doping,
or encapsulation, among other methods.!®" %871l Yet the issues
of deactivation of carriers by exciton recombination, as well as
a small number of active sites, persist. To enhance performance,
co-catalysts like noble metals, metal oxides, metal-organic frame-
works (MOF), and/or 2D materials (like rGO, Mxenes, etc.) are
often integrated with PNCs.[”2%% They rapidly extract photogen-
erated charge carriers to prolong their separation, provide active
sites to boost CO, reduction efficiency, and may often improve
operational stability.

However, the in situ growth of PNCs within a cocatalyst frame-
work (like MOF, etc.) is often challenging, and various degrees
of optimization are still required for metal and metal oxide co-
catalysts, such as controlling their size, exposed facets, and sur-
face structure to suppress competing side reactions such as
hydrogen evolution.[?* 8181 The fine-tuning of these cocatalyst
parameters poses a significant hurdle for standard techniques
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like Hot Injection and ligand-assisted reprecipitation synthesis
(LARP).[8¢]

In this regard, polyhedral nanocrystals with their extra active
facets and expanded surface area render them a good poten-
tial candidate to reduce the reliance on additional co-catalysts.
In addition, PNCs with these unusual morphologies can impact
the charge dynamics favorably for efficient photoredox activity
through inherent properties like slower hot carrier cooling or
suppression of the Auger process, etc.!’-%9 Despite these ad-
vantages, their application in photocatalysis remains scarcely ex-
plored, with only a single study by Pradhan et al. addressing this
potential to the best of our knowledge.l®’”! Therefore, it is evident
that there is considerable scope for improving their synthesis
strategy for functionality and catalytic performance.

In this work, we have systematically targeted facet-dependent
photocatalytic CO, reduction using newly designed 26-faceted
polyhedral CsPbBr;, achieved through a single-step method that
completely eliminates long-chain amines. Through comparative
study against conventional 6-faceted CsPbBr, PNCs, we report
that polyehedral PNCs show better photoredox activity toward
CO, reduction, achieving a CO conversion yield of 394 pmole
gm~! without using any additional co-catalysts. The resulting
CO, conversion efficiency not only exceeds all reported 3D PNC-
based systems that operate without co-catalysts but also is com-
parable to or even superior to the majority of reported PNC sys-
tems that rely on co-catalysts. This amine-free sample also shows
strong structural robustness during CO, photoreduction, main-
taining operational stability for 12 h. We attribute the superior
performance of these multifaceted PNCs over cubic PNCs to
four synergistic factors, confirmed by detailed optical, electro-
chemical, and computational studies. These include i) 1.6 times
higher excited-state lifetime, ii) nearly 1.7 times lower charge
transport resistance due to short chain trioctylphopshine (TOP)
ligands, iii) #1000 times higher excited-state carrier concentra-
tion with favorable flat band potential, and iv) an almost three-
times greater ECSA (quantified by CO stripping voltammetry),
which enhances performance by promoting facile CO, adsorp-
tion and feasible CO desorption on the different active facets of
the amine-free CsPbBr; polyhedra. The optimized design of this
polyhedral CsPbBr; PNC puts forth a new field of nanocrystals
as a proficient photocatalyst for CO, conversion, creating oppor-
tunities for novel paths in renewable energy transformation.

2. Results and Discussion

In the amine-free synthesis, the higher effective growth solution
concentration, together with a TOP/oleic acid-dominated ligand
environment and longer growth time, results in growth kinet-
ics that differ markedly from those in amine-containing condi-
tions. These kinetic differences are directly reflected in the mor-
phological evolution of the nanocrystals, ultimately leading to a
pronounced divergence in nanocrystal shape.

We have previously established that!®®) TOP is mostly oxi-
dized in situ to trioctylphosphine oxide (TOPO), which plays
a key role in shape control through steric-driven, site-selective
surface passivation. These considerations collectively point to a
growth mechanism governed by steric accessibility and facet-
dependent ligand binding. The possible mechanism could be ow-
ing to its moderately large cone angle arising from three long
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Scheme 1. The proposed growth mechanism of polyhedral CsPbBr; PNCs. Cs-oleate injection at 160 °C to produce cubic-shaped CsPbBr; PNCs in an
orthorhombic phase (2D view). Then TOP/TOPO aided facet-dependent ligand binding leads to produce polyhedral morphology with various triangular
(e.g., 112) and square-like facets[(200) and (110)] grown by facet-dependent ligand binding.

alkyl chains; TOP/TOPO cannot uniformly access all crystallo-
graphic surfaces. Instead, it preferentially binds to sterically ac-
cessible Pb-rich sites (most likely the high-index facets, where
under-coordinated atoms are more prevalent) that provide a fa-
vorable coordination geometry, resulting in intrinsically nonuni-
form surface coverage. The strong Lewis base character of the
P=0 moiety enables TOPO to effectively saturate exposed Pb
sites on these accessible facets, substantially reducing their sur-
face reactivity. Consequently, growth along TOPO-passivated di-
rections is suppressed, while fewer ligand surfaces (lower index
facets with fewer undercoordinated sites) remain weakly passi-
vated and continue to grow rapidly, producing pronounced mul-
tifaceted growth. Thus, competition between strongly and weakly
passivated surfaces drives the morphological evolution from cu-
bic to complex polyhedral nanocrystals. It is noteworthy that, be-
yond these kinetic effects, ligand-poor facets undergo thermody-
namic stabilization through surface reconstruction and geomet-
ric rearrangements that minimize total surface energy. This al-
lows the crystal to adopt a balanced polyhedral morphology in
which ligand-protected and unprotected facets coexist.

In contrast, OAm, owing to its linear structure, can access
most surface Pb sites and distribute uniformly. This uniform pas-
sivation equalizes growth rates along different crystallographic
directions, maintaining isotropic growth and resulting in cubic
nanocrystals. Our proposed TOP-assisted growth mechanism for
polyhedral CsPbBr3 PNC is presented in Scheme 1.

Despite the different growth mechanisms, both variants show
apparently similar absorbance and emission spectra. However,
the amine-free PNC exhibits a narrower emission peak (lower
FWHM » 17 nm compared to 23 nm for amine PNC) and slightly
red-shifted first excitonic absorbance peak as well as emission
peak compared to the amine-PNC, as depicted in Figure 1A,B.
The PLQY of amine- and TOP-capped CsPbBr; PNCs is com-
parable, with a slight reduction for TOP-capped samples. This
slight decrease arises because TOP selectively stabilizes facets
where it binds but leaves few defects on inaccessible surfaces,
and these mostly dormant type traps marginally reduce radia-

Adv. Optical Mater. 2026, €03043

€03043 (3 of 14)

tive recombination. In toluene medium, the amine-free PNC ex-
hibits a longer excited-state lifetime than its amine-containing
counterpart (Figure 1C), indicating a greater degree of electronic
delocalization. Time-resolved PL decays of both samples were fit-
ted using tri-exponential functions (see Table S1 and Section S3,
Supporting Information), resolving fast (z,), intermediate (z,),
and long-lived decay components(z;). Notably, the amine-free
PNC shows an increased relative contribution from the long-lived
component, which leads to a higher fraction of delocalized charge
carriers in polyhedral CsPbBr; PNCs.

To check the effect of the CO, reaction medium on excited-
state decay kinetics, TCSPC experiments in ethyl acetate-
methanol medium (60:1 volume ratio) have also been performed.
The amine-free PNC exhibits almost no change in excited state
lifetime, whereas there is almost a 2.4 ns decrease in lifetime of
for amine-capped PNCs.

This behavior arises from the polar nature of ethyl acetate,
which accelerates ligand detachment from amine-capped PNCs
and promotes trap-state formation. In contrast, the stronger bind-
ing of TOP in amine-free PNCs suppresses ligand-loss-assisted
trap formation, rendering the excited-state decay kinetics largely
insensitive to solvent polarity. This response is consistent with
the polyhedral surface, in which strongly bound ligands stabilise
selected facets, while the remaining ligand-poor facets achieve
stability through intrinsic structural relaxation that lowers the
overall surface energy, thereby preserving excited-state dynamics
even in a polar medium.

Powder X-ray diffraction (XRD) patterns of amine- and amine-
free CsPbBr; PNCs (Figure 1D) confirm the orthorhombic phase
in all samples. For clarity, the terms “6-faceted” and “26-faceted”
describe the external morphology of the nanocrystals rather than
their crystal phase and reflect the shape evolution arising from
ligand-controlled growth. Although TOP induces a polyhedral
morphology through selective surface passivation, the bulk lat-
tice of the nanocrystals remains orthorhombic, which is probed
by XRD. The XRD patterns of both samples closely match the ref-
erence structure reported in the Crystallography Open Database
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Figure 1. A) Absorption and PL spectra of amine-PNC measured in Toluene. B) Absorption and PL spectra of amine-free PNCs measured in Toluene. C)
lifetime of both the samples in toluene and ethyl acetate-methanol medium. D) XRD patterns of amine-PNC and amine-free PNCs.

(COD: 1 533 062), confirming phase purity and structural con-
sistency across the two systems. Interestingly, the (110) and
(002) reflections near 15° show visible splitting in the amine-
capped PNCs, indicating greater [PbBry]*~ octahedral distortion
and symmetry lowering. In contrast, the weaker splitting ob-
served for the polyhedral amine-free PNCs suggests a relatively
less distorted and more structurally stabilized Pb-Br framework.
This trend may be associated with facet-selective binding of bulky
TOP/TOPO ligands, which preferentially passivate sterically ac-
cessible facets and can locally restrict octahedral tilting at the sur-
face, thereby limiting the extent of symmetry lowering within
the Pb-Br framework. As a result, the amine-free PNCs display
smaller peak splitting near 15° in the XRD patterns compared to
their amine-capped counterparts. In addition, the XRD intensity
near ~21° is sharply enhanced in amine-free PNCs compared to
amine-capped samples. In this region, the high-index (112) re-
flection lies in close proximity to the low-index (200) and (020) re-
flections due to their comparable interplanar spacings. In amine-
capped PNCs, isotropic growth leads to the simultaneous contri-
bution of multiple crystallographic planes, resulting in a broad-
ened diffraction feature rather than a well-defined peak. By con-
trast, the intense and sharp peak observed for amine-free PNCs
indicates that a single set of planes dominates the diffraction re-
sponse. If both high- and low-index reflections were enhanced
to a similar extent, partial peak overlap or significant broadening
would be expected, reflecting a nonselective growth process sim-
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ilar to that of the amine-capped PNCs. Such behavior is inconsis-
tent with the formation of well-defined polyhedral morphologies.

At this stage, based on the proposed growth model, we antici-
pate that the high-index (112) facet is slow-growing, whereas one
of the low-index facets, (200) or (020), grows more rapidly. This
selective growth behavior is consistent with the dominance of a
sharp diffraction feature near ~21°, while the real-space man-
ifestation of the slow-growing (112) facet is later supported by
HRTEM analysis.

Structurally, amine-capped PNCs show cubic morphology
(=11 %2 nm) (Figure 2A), while TOP-capped PNCs form 26-
faceted rhombicuboctahedra (~24 + 2 nm) (Figure 2B), which
in two-dimensional TEM projections appear as truncated octahe-
dron outlines with multiple intersecting edges arising from the
simultaneous exposure of low- and high-index facets.

The size distribution of both is represented in Figure S1 (Sup-
porting Information). HRTEM of cubic-shaped amine-capped
PNC (inset of Figure 2A) confirms a lattice spacing of 0.59 nm
corresponding to (110) planes of orthorhombic CsPbBr; phase,
while a lattice spacing of 0.41 nm in amine-free PNC corresponds
to the (200) facet (inset of Figure 2B).

Further insight into the polyhedral morphology is obtained
from Fast Fourier Transform (FFT) analysis of the HRTEM im-
ages represented in Figure 2C, which reveals multiple distinct lat-
tice spacings within a single 2D octagonal projection, confirming
the simultaneous exposure of different crystallographic planes.

© 2026 Wiley-VCH GmbH
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Interplanar spacing  Plane index No. of facets
0.415 nm (112) 8
0.585 nm (002) 2
0.581 nm (110) 4
0.671 nm (101) 4
0.674 nm (011) 4
0.413 nm (200) 2
0.414 nm (020) 2

 Total facets =26

Figure 2. A) TEM and HRTEM image (inset) of amine-capped CsPbBr;. B) TEM and HRTEM image (inset) of amine-free polyhedral CsPbBr;. C) FFT anal-
ysis of the HRTEM image of amine-free CsPbBr;. D) Different (h, k, /) values and their combinations to reflect amine-free 26 faceted CsPbBr; nanocrystals.

Indexing of the FFT spots shows that the polyhedral morphology
comprises distinct facet types, including triangular (112) facets,
square (110) facets, rectangular (002) facets, etc. On this basis,
we construct a facet-indexing chart in Figure 2D, that outlines
the possible plane combinations contributing to the formation
of the 26-faceted rhombicuboctahedral morphology. This analy-
sis provides direct structural evidence that the complex 26 facet
polyhedral shape originates from the concurrent stabilization of
multiple facet families induced by ligand-controlled growth by
TOP.

To understand the inherent charge transport properties for
photocatalysis, the as-prepared nanocrystals were subjected to
different photoelectrochemical (PEC) characterizations. To inves-
tigate their intrinsic properties crucial for photocatalytic activ-
ity, such as the charge transfer efficiency, probable band energy
diagram, and photosensitivity, electrochemical impedance spec-
tra (EIS), Mott—Schottky analysis, and chronoamperometric tech-
niques were employed. EIS reveals distinct differences in charge-
transfer resistance (R,) between amine-free and amine-capped
PNCs (Figure 3A). Analysis using the conventional Randles cir-
cuit model (see Figure S2, Supporting Information) yields R, val-
ues of 1550 Q for amine-free PNCs and 2500 Q for amine-capped
PNCs. The significantly lower R, of the amine-free PNCs high-
lights their superior charge-transfer capability compared to their
amine-containing counterparts. This enhanced performance
arises because TOP binds selectively rather than uniformly, leav-
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ing portions of the polyhedral surface relatively less ligand-dense.
These partially exposed facets do not introduce additional resis-
tance to charge transport. Moreover, where TOP is present, its
short-chain nature imposes a reduced tunnelling barrier, further
facilitating facile charge transfer across the interface. In contrast,
the long-chain OAm ligands in amine-capped PNCs impose a
larger charge transport barrier, thereby hindering electron trans-
fer. Overall, both surface stabilization and ligand density play
critical roles in governing the charge-transport efficiency of PNC
catalysts.

To investigate the probable band positions for evaluating
the capable redox activity of targeted photocatalysis and associ-
ated excited-state charge carrier densities of the catalysts, Mott—
Schottky analysis was performed using capacitance-voltage mea-
surements at a frequency of 100 Hz (Figure 3B) under 100 mW
cm~2 light illumination. The Mott-Schottky plot exhibits a fit-
ted straight line that has a positive slope, indicating the n-type
semiconducting nature of the catalyst. Its intersection on the
x-axis gives the flat-band potential, which is a measure of the
probable position for the conduction band. The more negative
value of flat-band potential for amine-free PNC suggests a lower
space charge transport barrier in terms of reduction potential
of CO,, validating its higher catalytic activity with respect to
amine PNCs. The relative position of the flat band potential of
amine and amine-free PNCs with respect to the CO, to CO re-
dox potential is represented in Figure 3C. From the slope, the
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Figure 3. A) Impedance spectra (Nyquist plot) recorded at —0.65 V Ag/AgCl under continuous illumination. B) Mott—Schottky plot of amine-PNC and
amine-free PNC. C) Band energy diagram representing the position of flat band potential for both amine and amine-free PNCs. D) Amperometric -t
curve measured at —0.65 VAg/AgCl under 100 mW cm~2 under light on-off conditions.

associated excited state carrier concentration was determined,
and it is observed that there is a significant enhancement in car-
rier concentration in amine-free PNCs (Table 1) as compared
to amine-PNCs, which is an indication of higher catalytic prop-
erty. In addition to charge-transfer resistance analysis, ECSA es-
timated from EIS provides complementary insight. While not di-
rectly correlated with photocatalytic activity, the ECSA serves as
an indicator of the accessible catalytic surface. The amine-free
PNCs exhibit a higher ECSA than their amine-capped counter-
parts, consistent with their lower charge-transfer resistance. This
suggests that the removal of bulky OAm ligands exposes more ac-
tive sites, thereby enhancing the effective surface area available
for catalysis.

Figure 3D represents current versus time plots of the prepared
nanostructures measured at —0.65 V versus Ag/AgCl under
chopped light illumination. It is evident from these results that
both the catalysts are significantly photo-sensitive. But the higher
ratio of Iy, /Ig. (See Table 1) for amine-free PNCs with re-
spect to amine-capped is a direct reflection of lower R,. All these
electrochemical characterizations provide critical insight into the

Table 1. Parameters obtained from electrochemical characterizations.

charge-transfer kinetics, probable band energetics, photosensi-
tivity, and accessible catalytic surface area of photocatalysts. In
light of these combined advantages, amine-free PNCs emerge
as a more favorable platform for efficient photocatalytic CO,
reduction.

The photocatalytic CO, reduction performance of these
nanocrystals was evaluated in the ethyl acetate and methanol
mixture system (60:1 volume ratio). The reason for tak-
ing ethyl acetate was to balance polarity and high CO,
solubility, and methanol was chosen not only for quench-
ing photogenerated holes but also as a source of protons
(H*). Figure 4A shows the GC analysis used to evaluate
the amount of products (CO) formed during CO, photore-
duction. This is further confirmed by a prominent signal
at m/z value of 28 (shown in Figure S3, Supporting Infor-
mation), which indicates CO is the primary reduced prod-
uct upon light irradiation. The near-linear increase in CO
concentration over time, coupled with the absence of other
products, confirms the high selectivity for CO during CO,
reduction.

Material Charge transfer resistance [Q] Flat band potential [V] Carrier concentration [per cm?] lignt/ldark Cy [F] ECSA [cm?]
Amine CsPbBry 2500 -0.21 1.25 x 107 282 3.5%107° 70
Amine-free CsPbBr, 1550 —0.55 2.70 x 102 507 10 x 107° 200
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Figure 4. A) Histograms showing the formation of CO from CO, reduction reactions after 6 h using amine and amine-free CsPbBr; nanostructures
as photocatalysts. B) FTIR spectra of the reaction mixture after 12 h of photocatalytic reactions with amine and amine-free PNCs. C) CO stripping

voltammetry profiles of amine and amine-free CsPbBr; PNCs.

Among the tested catalysts, amine-capped cubic CsPbBr,
PNCs yield only 34 umol g=! of CO, whereas amine-free poly-
hedral nanocrystals exhibit a pronounced enhancement in ac-
tivity, delivering a maximum CO yield of 394 umol g=! with
an evolution rate of 35.81 pmol g=! h~!. To ensure that the ob-
served CO originates from CO, reduction, blank control exper-
iments were conducted to quantify CO contributions from the
photo-reformation of the ethyl acetate-methanol solvent mixture
(60:1) in the presence of both catalysts. The solvent-derived CO
was negligible relative to CO,-saturated conditions (see Figure
S4, Supporting Information) and was therefore subtracted from
the total CO yield. The corrected CO evolution rates are pre-
sented in Figure 4A. A comparison with previously reported
perovskite-based photocatalysts is provided in Table S2 (Section
S3, Supporting Information), where the present system outper-
forms most PNCs, even those integrated with co-catalysts. Time-
resolved product evolution further reveals that the amine-free
polyhedral PNCs sustain nearly linear CO generation for up to
11 h, followed by a gradual slowdown, while the amine-capped
cubic PNCs show an early decline in activity after only ~6 h. This
performance disparity is possibly linked to site-selective TOP at-
tachments across crystallographic facets of polyhedral amine-free
PNCs. Facets that develop in the absence of proximal TOP re-
main ligand-poor and expose clean surface sites, enabling ef-
ficient adsorption of small and linear CO, molecules. More-
over, even TOP-coordinated facets can also permit CO, access
through inter-ligand spacing. In contrast, the densely packed
OAm layer sterically restricts CO, adsorption. Moreover, in TOP-
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capped polyhedral PNCs, both ligand-stabilized and relatively
ligand-poor facets remain structurally robust in polar media,
consistent with the facet-selective stabilization mechanism dis-
cussed earlier. OAm-capped nanocrystals, however, undergo lig-
and loss in polar environments, leading to trap-state formation
and suppressed charge transport. The superior CO, reduction
activity of amine-free PNCs therefore emerges from the cou-
pled effects of enhanced surface accessibility, preserved elec-
tronic structure, efficient charge transport, and optimized CO,
adsorption and CO desorption energetics (discussed later). Con-
sistent with this surface-driven superiority, the electrochemical
and optical measurements discussed before also provide direct
insight into the origin of the enhanced activity of amine-free poly-
hedral CsPbBr;. These results reveal that, together with a favor-
able polyhedral surface architecture, a synergistic combination
of prolonged excited-state lifetime, reduced charge-transport re-
sistance, increased electroactive surface area, higher excited-state
carrier concentration, and optimized CO, adsorption collectively
drives the superior photocatalytic performance.

To gain deeper insight into the reaction intermediates
formed during the CO,RR, attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy was employed. In
Figure 4B, the peak observed at 2339 cm™ is associated with the
asymmetric stretching vibrations of CO,, while the peaks at 1333,
1496, 1606, and 1745 cm™! correspond to the C—O symmetric
stretching in COOH, an antisymmetric O—C—O stretch band,
asymmetric stretching vibration of HCOO™, and C=O stretching
of surface-bound CO intermediate, respectively. The peak at 1041

© 2026 Wiley-VCH GmbH
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Scheme 2. A schematicillustration highlighting the role of nonuniform surface interactions, ligand-driven stability, CO, and/or CO adsorption dynamics,

and degradation pathways.

cm™! is attributed to the C—O stretching mode of HCO,~ (bicar-
bonate) or CO,2~ (carbonate) species, indicating CO, adsorption
and surface stabilization. In the low wavelength region, the peaks
at 696 and 732 cm™! observed during the CO, reduction to CO
are related to the symmetric deformation of the CO,%~ species
and bending vibrations of surface-bound HCO,~ (bicarbonate) or
CO,?~ (carbonate) species. These vibrational features collectively
confirm the stepwise activation and transformation of CO, on the
catalyst surface, highlighting the formation of key intermediates
such as COOH~, HCOO", bicarbonate, and surface-bound CO,
revealing the underlying reaction pathway of CO, reduction to
CO.01

To probe product formation kinetics, we further performed
electrochemical CO stripping voltammetry in post-catalytic so-
lutions to get an idea about the CO binding strength on both
PNC surfaces, as evident from Figure 4C. The stripping curve
of both amine and amine-free PNCs consisted of two major dis-
tinct peaks located before PNC"s oxidation peak (marked by *),
corresponding to the oxidation of adsorbed CO at different facets
of PNCs. The CO stripping peaks of amine-free PNCs show three
pronounced features compared to those of amine-based PNCs: i)
relatively high peak intensity, ii) more peak broadening, and iii)
lower CO oxidation potential. The high CO oxidation peak inten-
sity denotes a higher active surface area, which indicates a greater
amount of CO coverage. This can also be correlated to the higher
ECSA value obtained for amine-free PNCs before (Table 1). The
relatively broader nature of the CO oxidation peak indicates in-
volvement of different types of facets in comparison to amine-
based PNCs. The lower CO oxidation potential suggests weaker
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CO adsorption on the amine-free PNCs surface. Therefore, all
aforementioned factors, i.e., higher catalytic surface area and in-
volvement of multiple facets with coverage with weak CO bind-
ing, facilitate the CO, photo reduction toward CO formation in
amine-free PNCs compared to their amine-based analogues.

A schematic illustration of the above-mentioned phenomena,
highlighting the role of nonuniform interactions, ligand-driven
stability, CO, and CO adsorption dynamics, and degradation
pathways, is presented in Scheme 2, which captures how these
combined factors ultimately lead to superior CO, conversion in
amine-free polyhedral PNCs.

To investigate the structural and chemical evolution follow-
ing 12-h prolonged catalytic operation, post-catalytic optical and
structural analysis of the amine-free CsPbBr,; nanocrystals was
conducted. From Figure 5A,B, it is evident that the optical ab-
sorbance spectra and crystal phase remained largely unchanged
even after 12 h of catalytic testing, and it is consistent with the
sustained CO, reduction activity observed over 12 h. However,
the post-catalytic absorption spectra exhibit an absorption tail ex-
tending beyond the first excitonic peak, indicative of the genera-
tion of surface defect states or scattering caused by nanocrystal
aggregation and surface inhomogeneity during prolonged pho-
tocatalysis. In parallel, the XRD patterns show slightly broad-
ened or split diffraction peaks(e.g., #31°), suggesting a minor
distortion of the PNC octahedral domains during extended pho-
tocatalysis. Nevertheless, these changes remain marginal and do
not signify any substantial structural alteration. Consistent with
this observation, TEM images in Figure 5C show that the poly-
hedral morphology remains intact after catalysis, while HRTEM
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Figure 5. A) Comparison of the absorbance spectra before and after the catalysis (12 h) for an amine-free CsPbBr; sample. B) XRD pattern of amine-free
CsPbBr; before and after catalysis. C) TEM image of amine-free CsPbBr; after catalysis. D) HRTEM image of amine-free CsPbBr; after 12 h of catalysis.

in Figure 5D reveals well-resolved lattice fringes with interplanar
spacings identical to those prior to catalysis.

Further, to get insight into the CO, reduction mechanism,
DFT-based electronic structure calculations were performed. Ef-
fective CO, reduction requires strong chemisorption of CO, on
CsPbBr; facets, prompting the selection of surfaces with high
CO, adsorption energy. Conversely, optimal product (CO in our
case) production requires intermediate binding for facile desorp-
tion from active sites. The binding energy optimization is also
essential for any efficient catalytic process. An excessively high
binding energy of CO, relative to CO may lead to catalyst poison-
ing. In this state, active sites of PNCs are occupied and blocked by
strongly adsorbed CO,, preventing further catalytic cycles. Con-
sequently, a large kinetic barrier is introduced, stalling the reac-
tion at the initial stage and resulting in a diminished product
yield. Conversely, if CO binds too strongly relative to CO,, the
product desorption rate is severely limited. This slow release of
the desired product similarly poisons the active sites and results
in a diminished overall yield.

For our calculations, a slab model of the CsBr-terminated (001)
surface of orthorhombic CsPbBr; was chosen, as it has been pre-
viously identified as the most stable surface configuration and
is capped with a single OAm molecule.®?] In contrast, to simu-
late amine-free PNC, we evaluated CO, and CO adsorption on
all relevant surface planes, i.e., (100), (110), and (111) of CsPbBr,
passivated with a single TOP molecule. These surfaces, partic-
ularly with CsBr terminations, have been theoretically studied
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in previous work for their stability and were selected accord-
ingly. The adsorption energies of CO, and CO molecules on both
amine-capped and amine-free CsPbBr, surfaces are summarized
in Table 1. It can be seen that the amine-free PNC exhibits greater
CO, adsorption energies on the (100) and (111) planes compared
to the amine-capped samples. Notably, for the amine-free (110)
surface, the adsorption energies are positive for both molecules,
indicating endothermic and thermodynamically unfavorable ad-
sorption processes as summarised in Table 2.

The highest adsorption energy is observed for the amine-free
(100)-CsBr surface, followed by (111) surface. This can be at-
tributed to the greater structural relaxation and higher ionicity
of the surface layer, which have been previously reported to en-
hance surface stability.

Furthermore, based on the experimental observation of en-
hanced CO, reduction activity on TOP-capped CsPbBr;, our DFT
calculations suggest that amine-free nanocrystals with improved
CO, adsorption capacity predominantly expose due to a higher
proportion of (100) and (111) facets in their polyhedral morphol-
ogy. This resultis consistent with CO stripping voltammetry data,
which indicates that the amine-free catalyst facilitates CO, reduc-
tion across multiple crystal facets. Moreover, the relative binding
energy values of CO, with respect to CO (i.e, CO, binding energy/
CO binding energy for different facets) for amine-free samples
are lower than it‘s amine-based counterparts. This optimized en-
vironment reduces the likelihood of catalyst poisoning and di-
rectly explains the superior product yield of amine-free CsPbBr,
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Table 2. Adsorption energy (eV) for CO, or CO molecules on various surfaces.

Adsorption energy Amine-capped

Amine-free (100)

Amine-free (110) Amine-free (111)

Cco, —0.703 -0.874 2.357 —0.864
co —0.069 —0.204 4.434 —0.186

over the amine-based catalyst. The optimized top-view configu-
rations of the adsorbed molecules on various surfaces are shown
in Figure S5 (Supporting Information). It can be observed that,
in all cases, the oxygen atoms preferentially interact with the Cs
atoms.

The charge density difference analysis has also been per-
formed to further investigate charge redistribution upon the ad-
sorption of CO, and CO molecules, as shown in Figure 6. Charge
density difference plots for CO, adsorption on amine-capped
(001), amine-free PNCs (100) and (111) facets are represented in
Figure 6A,B,C, respectively. While CO adsorption on the same
facet of amine-capped and amine-free PNCs is shown in 6(D),
6(E), and 6(F), respectively. In both cases, charge accumulation
occurs near the adsorbed molecules, while charge depletion ap-
pears at Cs atom on the slab surface.

However, the interaction of CO, and CO molecules with the
surface involves charge transfer between the terminal oxygen
atoms and surface Cs atoms. In the case of CO,, this interaction
induces a long-range polarization effect due to the symmetric lin-
ear structure of the molecule, leading to significant charge accu-
mulation on one of the terminal oxygen atoms. In contrast, the
CO molecule, which has an intrinsically asymmetric charge dis-
tribution, undergoes only short-range polarization, resulting in
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L INE LS
3%

L oe

D) E)
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NG

less charge accumulation on the terminus O and weaker adsorp-
tion. As a consequence, CO, binds more strongly to both amine-
capped and amine-free perovskite surfaces (specifically the (100)
and (111) facets) compared to the CO molecule. This stronger
binding is advantageous for the desired catalytic conversion un-
der investigation, as mentioned before.

To establish a mechanistic connection between surface chem-
istry and catalytic performance, we therefore evaluated the com-
plete free-energy landscape of the CO, reduction reaction on rep-
resentative amine-capped and amine-free CsPbBr, surfaces. This
analysis clarifies how surface-dependent energetics govern CO,
activation, intermediate stabilization, and CO release. The free-
energy profiles for the CO, reduction pathway were analyzed on
the amine-capped (100) and amine-free (111) surfaces to eluci-
date their distinct catalytic behaviors represented in Figure 7,
while the detailed reaction free-energy values for each elemen-
tary step are summarized in Table S3 (Supporting Information).
The first step, CO, adsorption (AG,), is more favorable on the
amine-free (111) surface (—1.88 eV) than on the amine-capped
(100) surface (—0.73 eV), indicating stronger CO, binding on
the (111) termination. This trend continues in the hydrogena-
tion step to form the COOH intermediate: AG, is significantly
more exergonic on the amine-free (111) surface compared to the
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Figure 6. Charge density difference plot for A) CO, adsorbed amine-capped PNC. B) CO, adsorbed amine-free PNC(100) plane. C) CO, adsorbed amine-
free PNC(111) plane. D) CO adsorbed amine-capped PNC, E) CO adsorbed amine-free PNC(100) plane, and F) CO adsorbed amine-free PNC(111) plane.
Yellow and blue regions represent electron accumulation and depletion, respectively, with an isosurface value of 0.00052 e A=3.
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Figure 7. DFT-calculated Gibbs free energy profiles for CO, reduction to
CO on amine and amine-free CsPbBr; PNC surfaces. The amine-free sur-
face shows reduced free energy barriers, indicating more favorable reac-
tion kinetics and consistent with the enhanced experimental CO, reduc-
tion activity.

amine-capped (100) surface, suggesting enhanced stabilization
of the *COOH species on the (111) facet. The subsequent conver-
sion of COOH to CO and H, O (AG,;) is thermodynamically favor-
able on both surfaces; although both are strongly exergonic, the
(111) surface again exhibits slightly more favorable energetics.
Finally, the free energy for CO desorption (AG,) is nearly iden-
tical for the two systems. The results show that the amine-free
(111) surface exhibits more favorable energetics throughout the
pathway compared to the amine-capped (100) surface, while the
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stronger adsorption on the (111) facet does not hinder CO desorp-
tion. Overall, the DFT analysis qualitatively rationalizes the exper-
imentally observed enhanced CO, reduction kinetics of amine-
free PNCs by revealing a thermodynamically more favorable re-
action landscape with improved stabilization of CO,-derived in-
termediates. This lowered energetic cost across key elementary
steps supports faster charge utilization and sustained CO evolu-
tion, consistent with the superior catalytic performance observed
experimentally.

3. Conclusion

In conclusion, the morphology-dependent photocatalytic ac-
tivity of CsPbBr; nanostructures is explored, taking conven-
tional amine-capped 6-faceted and our newly synthesized 26-
faceted TOP-capped CsPbBr; PNCs. Surprisingly, larger poly-
hedral CsPbBr; PNCs exhibited superior catalytic performance
over smaller cubic-shaped ones, indicating that the presence of
highly active facets is a more important factor than surface area
alone in these systems. Detailed optical and electrochemical stud-
ies confirm the enhanced performance of TOP-capped CsPbBr,
PNCs over amine-capped ones. This enhancement stems from
several key advantages of polyhedral PNCs, they are: i) easy sur-
face accessibility of CO, molecules, ii) 1.6 times higher excited-
state lifetime, iii) ~1.7 times lower charge transport resistance,
iv) ~3 times greater electroactive surface area, v) ~1000 times

[ Enhanced
| photocatalytic |

\ activity /l

Cco evol¥|on _

F 3
£ &
= >~
= £
€ 3
= <
<
) o
Amine Amine Free
CsPbBr;  CsPbBr;

Scheme 3. Schematic illustration highlighting the key reason behind the greater photocatalytic activity of amine-free PNCs with respect to amine PNCs.
CO, binds weakly on the amine-capped cubic surface, and partial ligand loss in the polar reaction medium leads to higher interfacial charge transport
resistance, limiting interfacial charge delivery to adsorbed CO,. In contrast, facet-selective TOP binding stabilizes polyhedral PNCs, enabling stronger
CO, adsorption with minimal obstruction to charge transport. Concurrently, the polyhedral PNCs sustain a higher excited-state carrier population
under illumination. The synergistic effects of enhanced CO, binding, efficient charge transport, and increased carrier availability collectively result in a

substantially higher CO, conversion rate for TOP-capped polyhedral PNCs.
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increased charge carrier concentration along with catalytically fa-
vorable band potential, and vi) robust operational stability. The
fundamental origin of this performance is further elucidated by
surface-specific studies. DFT calculations confirm stronger CO,
adsorption on the polyhedral PNC surface, suggesting faster pho-
toreduction kinetics. Complementing this, CO stripping voltam-
metry also reveals a higher density of active sites with optimal
intermediate CO binding energy, which ensures efficient prod-
uct desorption and completes the highly effective catalytic cycle.
Collectively, these factors enable the amine-free system to not
only surpass amine-capped CsPbBr; PNCs but also to achieve the
highest reported CO yield (394 umol g~!) with an average rate of
35.81 pmol g=! h~=! among all studies employing unsupported
three-dimensional perovskite nanocrystals as the sole catalyst, to
the best of our knowledge. Remarkably, its efficiency is either
comparable or even exceeds that of systems integrating PNCs
with other external co-catalysts as well. The amine-free CsPbBr;
PNCs also maintain excellent stability over an extended period
(12 h), making them a highly stable photocatalyst. The key rea-
son behind the greater photocatalytic activity of amine-free PNCs
is schematically represented in Scheme 3. Thus, we can envi-
sion that our polyhedral perovskite nanocrystals could unlock
a new platform for advanced photocatalysis, opening avenues
for sustainable environmental applications and energy-efficient
technologies.

4. Experimental Section

Material Synthesis: Both the 26-faceted polyhedral and 6-faceted
CsPbBry nanocrystals were synthesized by adopting our previously
reported methods (synthetic details are mentioned in Supporting
Information).[®3] In short, the three-precursor approach has been adopted
for the synthesis of polyhedral CsPbBr; PNCs, where 1-bromopropane and
lead acetate were used as a Br and Pb precursor, respectively. Unlike oleyl
amine, the most commonly used ligand for PNC synthesis, trioctylphos-
phine (TOP) was used as a capping ligand for polyhedral CsPbBr; synthe-
sis. The Cs-oleate solution was injected at 160 °C, and the reaction was
allowed to proceed for 2 min before being quenched in an ice bath.

Amine-capped CsPbBr; (PNCs) were synthesized following the conven-
tional hot injection method. Briefly, PbBr, was dissolved in octadecene
(ODE) with oleylamine (OAm) and oleic acid (OA) and heated to 160 °C
under stirring. Caesium oleate was then swiftly injected, and the reaction
was quenched after 5 s by immersion in an ice bath to yield amine-CsPbBr;
PNCs. The product was isolated by centrifugation and washed before fur-
ther use. Detailed synthesis procedures are mentioned in Supporting In-
formation.

Electrochemical Measurement: To perform electrochemical measure-
ments, the PNC samples were coated on a poly-methyl methacrylate
(PMMA) and reduced graphene oxide (rGO) modified ITO substrate (ex-
posed surface area: 0.25 cm?) in a similar way to the previous work.[®8]
This PNC-coated ITO substrate acts as a working electrode. The whole
experiment was run in a 0.1 (M) solution of tetrabutylammonium hex-
afluorophosphate (TBAPF) in ethyl acetate and methanol medium under
100 MW cm~2 solar irradiation in a three-electrode cell where Ag/AgCl was
taken as a reference and a Pt-wire as a counter electrode.

Photocaralytic CO, Reduction: Visible-light-driven photocatalytic CO,
reduction was performed in a sealed reaction vessel under simulated solar
irradiation (300 W Xe lamp, 1 sun illumination, >420 nm cut-off filter). The
photocatalyst (10 mg) was dispersed in 15 mL of ethyl acetate containing
250 uL methanol. Prior to irradiation, the reactor was purged with Ar and
subsequently with high-purity CO, for 60 min to remove air and saturate
the system. After CO, saturation, illumination was initiated to conduct the
photocatalytic reaction at 25 °C. Gaseous products were analyzed using a
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gas chromatograph (GC) with a TCD detector, and product identities were
confirmed by GC-MS. See Supporting Information (Experimental Details)
for details.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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