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Dimensionality plays a vital role at the nanoscale in tuning the
electronical and photophysical properties and surface features of
perovskite nanocrystals. Here, 3D and 1D all-inorganic CsPbBr;
nanocrystals were chosen as model materials to systemically reveal
the dimensionality-dependent effect in photocatalytic H, evolution.
In terms of facilitating photoinduced electron—hole pair separation
and charge transfer, as well as inducing proton reduction potential
with the presence of fewer Br vacancies, 1D CsPbBr; nanorods gave
about a 5-fold improvement for solar H, evolution.

On account of its high-energy density, environmental benignity,
storability and transportability, hydrogen (H,), generated from a
photocatalytic or photoelectrocatalytic technique by utilizing inex-
haustible solar energy is regarded as one of the most ideal solar
fuels,"™ especially for semiconductor-based photocatalysis.””
Recently, halide perovskites, which are mostly applied in photo-
voltaic devices, have attracted great interest in the field of photo-
catalytic H, evolution,®*' owing to their superior optical and
electronic properties,'””™* since the first report of three-
dimensional (3D) methylammonium lead iodide (MAPbL;) as a
photocatalyst for H, evolution from hydriodic acid (HI) splitting
under solar light irradiation.® Inspired by this work, various
halide perovskites, either all-inorganic'® or organic-inorganic
hybrids,"” ™ stabilized in concentrated haloid acid, have acted as
photocatalysts to realize H, production from haloid acid splitting.
Composition and structural modification were focused on to
improve photocatalytic efficiency by promoting charge carrier
separation and surface reaction.?**

At the nanoscale, dimensionality plays a vital role in tuning
the electronical and photophysical properties of perovskite
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nanomaterials, as well as the surface features, which are
another key factors, due to the high surface-to-volume ratio.>*
For example, compared to 2D and 0D nanostructures, 1D
nanowires/nanorods exhibit an intrinsically higher aspect ratio
and a novel enclosing surface, resulting in a higher degree of
anisotropy, leading to reduced grain boundaries and a direct
carrier transportation pathway in one dimension.”” To the best
of our knowledge, exploration of the effect of dimensionality in
photocatalysis, especially for H, evolution, has rarely been
studied.

In this context, all-inorganic CsPbBr; nanocrystals were
chosen as model materials. 3D nanocubes and 1D nanorods
have been extensively studied to reveal the dimensionality-
dependent effect in photocatalytic H, evolution. As shown in
Scheme S1b (ESIt), the ultrasmall diameter of 1D nanorods
maintains the quantum size effects of the exciton in the radial
direction. Moreover, a 1D nanostructure provides fast carrier
transport in the axial direction to achieve long-distance
separation.*® Under visible light irradiation, an almost 5-fold
enhancement in the H, generation rate was observed for 1D
nanorods when using Pt as a cocatalyst, compared to that of 3D
nanocubes. Mechanistic insights revealed that the superior H,
evolution activity of 1D nanorods benefited from facilitated
photogenerated charge carrier separation and transfer, as well
as induced proton reduction potential with fewer Br vacancies
on the surface.

In order to accurately control the shape and size of the
materials, CsPbBr; nanocubes (denoted 3D NCs) were synthesized
via a traditional hot injection method at high temperature.>”*®
Through the oriented attachment mechanism, the initially formed
nanocubes could gradually transform into nanorods during the
synthesis process.” Hence, 1D nanorods (denoted 1D NRs) could
be obtained by prolonging the reaction time (see details in ESIY).
The narrow peaks of the prepared materials in the X-ray diffraction
(XRD) pattern (Fig. S1, ESIT) matched well with the standard
pattern of CsPbBr; (PDF No. 18-0364),” verifying the successful
formation of orthorhombic phase CsPbBr;. Transmission electron
microscopy (TEM) images confirmed that the obtained 3D NCs
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Fig.1 (a) TEM image, (b) high-resolution TEM image and (c) corres-
ponding elemental mapping of Cs, Pb and Br elements, respectively, over
3D NCs. (d) TEM image, (e) high-resolution TEM image and (f) corres-
ponding elemental mapping of Cs, Pb and Br elements, respectively, over
1D NRs.

and 1D NRs acquired the shape of a cube (Fig. 1a) and a rod
(Fig. 1d), respectively. The enlarged TEM images show a size of
about 13-14 nm (Fig. S2, ESIT) and a diameter of about 12-13 nm
(Fig. S4, ESIT), with a clear lattice distance of ~5.88 A (Fig. 1b and
Fig. S3, ESIt) and ~5.98 A (Fig. 1e and Fig. S5, ESIt) for 3D NCs
and 1D NRs, respectively, corresponding to the (001) plane of
orthorhombic phase CsPbBr; with a lattice constant of 5.87 A.
Moreover, energy-dispersive X-ray (EDX) analysis (Fig. S6, ESIt) and
the full X-ray photoelectron spectroscopy (XPS) spectrum (Fig. S7,
ESIY) revealed the coexistence of Cs, Pb and Br elements, and the
corresponding elemental mapping (Fig. 1c and f) showed a uni-
form distribution of the three elements in the nanocrystals, all of
which indicated the successful preparation of 3D NCs and 1D NRs.

In addition, the first absorption peaks centered at ~506 nm
(Fig. S8, ESIT) and approximate positions of the photolumines-
cence (PL) peak (Fig. S9, ESIT) indicated the size of 3D NCs was
similar to the diameter of the 1D NRs, because of the quantum
confinement effects of 1D NRs in the radial direction. More-
over, higher PL intensity of 1D NRs mainly attributed to
inhibited nonradiative recombination of electron-hole pairs
on surface defects, implied that fewer defects existed on 1D
NRs, which might be favorable for H, evolution.

To evaluate the performance of the prepared CsPbBr; sam-
ples as photocatalysts for H, generation, post-synthetic treat-
ment of CsPbBr; is in high demand, because of the poor
electrical conductivity of long-chain organic ligands capped
on the obtained nanocrystal surfaces. Herein, a facile ligand
exchange was performed using tetrafluoroborate salt (NH,BF,)
as a treatment agent to remove the long-chain ligands (see
details in ESIt).>” The Fourier transform-infrared (FT-IR) spec-
tra show (Fig. S10, ESIT) a lower density of organic ligands on
the CsPbBr; surface, suggesting the effective removal of the
long-chain ligands from the surface by NH,BF,.

The activities of photocatalytic H, evolution over the as-
prepared CsPbBr; samples were evaluated in saturated HBr
aqueous solution with the addition of H;PO, under visible-light
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Fig. 2 (a) Control experiments of solar H, evolution in 2.0 h of irradiation
over 3D NCs after ligand exchange (1 > 400 nm). (b) Comparison of solar
H, evolution between 3D NCs before and after ligand exchange under
identical conditions. (c) Solar H, evolution with 3D NCs and 1D NRs
capped with BF,; ™. (d) Solar H, production under optimal conditions with
long irradiation time. Error bars represent mean =+ standard deviation (s.d.)
of at least three independent experiments.

irradiation (4 > 400 nm) (see details in ESI})." Pt as cocatalyst
was deposited through an in situ photoreduction method. As
displayed in Fig. 2a, CsPbBr;, HBr, H;PO,, cocatalyst and
visible light were all necessary for efficient solar H, evolution.
Excitingly, after ligand exchange, the H, evolution rate of the
3D NCs could be improved almost 3.4-fold (Fig. 2b). This can be
attributed to the ionic ligand being able to facilitate charge
separation and transfer as well as proton adsorption. Based on
this, CsPbBr; nanocrystals used for photocatalytic experiments
were capped with ionic ligands of BF,~ unless otherwise noted.
After that, photocatalytic experiments were carried out with 3D
NCs and 1D NRs as photocatalysts, respectively, under identical
conditions to evaluate the effect of dimensionality on H,
evolution activity. Obviously, 1D NRs showed a much higher
H, evolution rate than 3D NCs (Fig. 2c). And a normalized H,
generation rate with BET surface area gave about a 4-fold
improvement for 1D NRs (Table S1, ESIY).

In order to further improve the efficiency of solar H, evolu-
tion, the mass ratio of Pt to CsPbBr; was optimized
(Fig. S11, ESIt), and 1.0 wt% was chosen as the optimal mass
ratio for the photocatalytic reaction from the perspective of
economics. Under optimal conditions, 1D NRs showed superior
H, evolution activity compared to 3D NCs even with long
irradiation time. As shown from the kinetics curves of H,
evolution (Fig. 2d), the photocatalytic activity was dramatically
boosted after the induction period of 2 h, mainly attributed to
the formation of Pt cocatalyst in solution. After 18 h of irradia-
tion, 1D NRs exhibited an H, evolution rate of ~240 umol g™,
which was an almost 5-fold enhancement, further indicating the
superior activity of 1D NRs towards photocatalytic H, evolution.

This journal is © The Royal Society of Chemistry 2023
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The results demonstrated that tuning the dimensionality of
perovskite nanocrystals plays a vital role in enhanced photo-
catalytic H, evolution. In addition, even with 44 h of irradiation
under AM 1.5, H, was sustainably evolved (Fig. S12, ESIt). A
comparison of the crystalline structure (Fig. S13, ESIt), mor-
phology and elemental distribution (Fig. S14, ESIt) shows no
obvious changes between fresh and recycled 1D NRs, further
signifying the excellent stability of the 1D NRs. Subsequently,
the apparent quantum yield (AQY) was measured to be ~0.04%
(Fig. S15, ESIY). In further, the wavelength-dependent activity of 1D
NRs for H, production was surveyed (Fig. S16, ESIT), which shown
analogous trends to the UV-vis absorption spectra of CsPbBr;
(Fig. S8, ESIt), implying CsPbBr; is an active photocatalyst.

Then the effect of reaction time during the preparation of
NRs on H, evolution was investigated, which was varied from
90 min to 70 min (denoted 1D NRs-70 min), 110 min (denoted
1D NRs-110 min) and 130 min (denoted 1D NRs-130 min)
(Fig. S17 and S18, ESIt). As shown in Fig. S19 (ESIt), 1D NRs
exhibited the highest H, evolution activity compared to 1D NRs-
70 min, 1D NRs-110 min or 1D NRs-130 min. This indicated
that the time for nanorod growth was critical for photocatalytic
activity, which was optimal when the initially formed nano-
cubes were completely transformed to nanorods. Moreover, the
photocatalytic activity of 1D NRs was compared with other
reported all-inorganic and organic-inorganic perovskites
(Fig. S20, ESIt) under identical conditions (Table S2, ESIt), which
further suggested the superior activity of 1D NRs in our work.

To gain insight into the mechanism of the outstanding
photocatalytic performance of 1D NRs, the driving force of
the photocatalytic reaction was first investigated. In this regard,
valence-band (VB) XPS analysis (Fig. S21, ESI{) was utilized to
reveal the VB potentials of 3D NC and 1D NR materials, in
which the band positions were determined to be ~ +1.49 Vand
~ +1.36 V versus the normal hydrogen electrode (NHE) for 3D
NCs and 1D NRs, respectively. The band gaps of 3D NCs and 1D
NRs were calculated to be ~2.36 eV and ~2.37 eV, respectively,
using Tauc plots (Fig. S22, ESIT). Accordingly, the conduction-
band (CB) positions were estimated to be ~—0.87 V and
~—1.01 V vs. NHE, respectively, and the corresponding band
diagram has been depicted (Fig. S23, ESIt). Thus, the driving
force (0.87 eV and 1.01 eV) for H, generation is both thermo-
dynamically feasible and sufficient for 3D NCs and 1D NRs.

Subsequently, steady-state and time-resolved spectroscopic
techniques were conducted to investigate photoexcited charge
separation behavior over CsPbBr; capped with BF, . As shown
in Fig. 3a, the PL intensity of 1D NRs at ~525 nm was higher
than that of 3D NCs. This demonstrated that the recombination
of photogenerated electron-hole pairs through a nonradiative
pathway on surface defects is suppressed over 1D NRs, owing to
a lower amount of surface defects. Moreover, the PL lifetime
was prolonged from the 79.9 ns of 3D NCs to the 125.6 ns of 1D
NRs, further indicating fewer defects on the surface of 1D NRs
(Fig. 3b and Table S3, ESIt). The surface features will be
investigated in detail through XPS analysis; see later in the text.

In further, a facile interfacial charge transfer process was
unveiled by photoelectrochemical (PEC) measurements. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) PL spectra and (b) time-resolved PL spectra of 3D NCs and 1D
NRs powered counterparts (excitation: 405 nm laser). (c) Transient photo-
current responses and (e) EIS Nyquist plots of 3D NC and 1D NR electrodes
under the same conditions (inset is the fitted equivalent circuit).

experimental details for preparing the electrodes are provided
in ESL{ As shown in Fig. 3c, a 1D NR electrode exhibited much
improved transient photocurrent response, compared with the
3D NC counterpart under identical conditions, implying the
facilitated charge transfer kinetics in 1D NRs, owing to
the improved charge separation.*® Electrochemical impedance
spectroscopy (EIS) was also measured to monitor the interfacial
charge-transfer properties. A smaller arc radius for a 1D NR
electrode than for a 3D NC electrode was observed in the EIS
Nyquist plots (Fig. 3d), suggesting much lower interfacial
charge transfer resistance. The equivalent circuit was further
fitted to reveal charge transfer resistance (Table S4, ESIT), in
which the 1D NR electrode exhibited a lower charge transfer
resistance (R) of 778 Q than that of 3D NCs with an R, of
1456 Q, further confirming the favorable interfacial charge
transfer.®" Moreover, the polarization curves of 3D NC and 1D
NR electrodes (Fig. S24, ESI{) suggested that dimensionality
tuning from 3D NCs to 1D NRs could decrease the overpotential
and promote proton reduction to H,, leading to the boosted
photocatalytic H, production activity.

To further investigate the surface states of the obtained
CsPbBr; samples, XPS spectroscopy was conducted. Full XPS
spectrum analysis showed that 3D NCs and 1D NRs had a Pb/Br
ratio of 1.351/1 and 1.350/1, respectively, suggesting that both
samples possessed Br vacancies. Then, high-resolution XPS
signals of Pb 4f were fitted with Gaussian functions. As shown
in Fig. S25 (ESIf), two strong peaks at ~142.78 eV and
~137.9 eV are indexed to Pb(u) species coordinated with Br™.
Another two peaks at ~142.28 eV and ~137.36 €V are attrib-
uted to Pb (") species coordinated with BF,~. We calculated
the percentages of Pb (") species in CsPbBr; according to the
integral areas (Table S5, ESIt). It was found that the atomic
ratios of Pb (§") species were 46.3% and 41.3% over 3D NCs and
1D NRs, respectively, confirming that 1D NCs possessed fewer
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Br vacancies, which was further verified by the surface charge
as revealed by zeta-potential (Table S6, ESIf). The zeta poten-
tials of 3D NCs and 1D NRs were —10.0 and —3.42 mV,
respectively, which not only illustrated their surface negative
charge®” but also demonstrated decreased negative charge with
reducing concentration of Br vacancies, since they acted as
electron traps.*> This was consistent with the above spectro-
scopic results.

Based on that, we utilized density functional theory (DFT)
calculations to investigate the ability of CsPbBr; for proton
reduction (see details in ESIf). AGj; values of CsPbBr; with
and without Br vacancies were compared. Fig. S26 (ESIT) shows
the corresponding structural models of H atom adsorption.
Notably, the AGj; value of CsPbBr; with Br vacancies was
dramatically reduced to 0.21 eV (Fig. S27, ESIt), suggesting
the potential of CsPbBr; with Br vacancies for H, evolution.
Thus, Br vacancies are necessary for proton reduction, while
large amounts of Br vacancies have a negative effect on photo-
generated electron-hole separation, which is consistent with
the above spectroscopic results. We came to the conclusion that
the superior H, generation activity of 1D NRs benefited from
the induced proton reduction potential with the presence of Br
vacancies, as well as the facilitated charge carriers kinetics with
1D nanostructures.

In summary, we have systematically demonstrated that
dimensionality played an important role for CsPbBr; nanocrys-
tals towards solar H, evolution activity. Under optimal condi-
tions, it can be improved to give a five-fold enhancement after
dimensionality tuning from 3D to 1D nanostructures. By a
combination of theoretical and experimental investigations,
the superior activity was revealed, which was the result of the
promoted charge carrier kinetics, as well as the proton
reduction ability induced by fewer Br vacancies present on 1D
NRs. This work provides new insights for tuning photocatalytic
H, evolution performance under mild conditions.
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