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Metal halide perovskites are promising candidates as photocatalysts
due to their uniquely outstanding photophysical properties;
however, the catalytic efficiency is limited by severe charge recom-
bination. Herein, we show that carbonized polymer dots (CPDs) can
act as an efficient charge modulator to stabilize photo-generated
carriers in methylamine lead triiodide (MAPbIz) perovskites through
ultra-fast hole transfer, and thus increase the rate of visible light-
driven photocatalytic HI splitting 35-fold. The optimized CPD/MAPbI/
Pt hybrid photocatalytic system exhibits an impressive H, evolution
rate of 11497 pmol h ™t gfl, a solar-to-hydrogen conversion efficiency
of 2.15%, and an apparent quantum yield of 53.6% at 420 nm, which
are among the highest values for metal halide perovskite photo-
catalysts. Moreover, the presented strategy of hole extraction via
CPDs can be universally applied to improve the performance of
previous electron-manipulated MAPbIs-based photocatalytic systems.
The easy-to-prepare and bandedge-tunable CPDs with excellent
charge-transfer ability may bring new insights in developing high-
performance perovskite photocatalysts.

Introduction

Beyond photoelectronic devices,"” metal halide perovskites

(MHP) have recently caught increasing attention in photocatalysis
because of their wide high absorption coefficients, low surface
recombination velocities and easily tunable energy levels.® ™% In
addition to outstanding performance, the impressively labile
perovskites exhibit unexpected photocatalytic stability,"*™”
indicating bright prospects of MHP photocatalysts.
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New concepts

Metal halide perovskite (MHP) photocatalysts have caught increasing atten-
tion because of their high intrinsic absorption coefficients and low surface
recombination velocities. However, the performance is limited by the ineffi-
cient charge separation and utilization. In this work, we provide a completely
new and highly efficient pathway to enhance charge separation in MHP
through coupling with carbonized polymer dots (CPDs). CPDs can stabilize
photo-generated carriers in methylamine lead triiodide (MAPbI;) perovskites
through ultra-fast hole transfer. The long-lived photoeletrons in CPD-coupled
MAPDI; facilitate photocatalytic reduction reaction and thus increase the
rate of visible light-driven HI splitting 35-fold. An H, evolution rate of
11497 pmol h™" ¢~* and solar-to-hydrogen conversion efficiency of 2.15%
are achieved in the optimized CPD/MAPDI;/Pt hybrid system, representing
the state-of-the-art performance for MHP photocatalysts. This work
highlights the excellent charge-transfer ability of CPDs. Moreover, the
bandedge-tunable property makes CPDs promising candidates as co-
catalysts to match with different-energy-alignment MHPs, indicating their
great potential in developing efficient perovskite-based hybrid photocatalysts.

Typical photocatalytic processes consist of light harvesting,
charge transfer and surface reaction.'®*> Compared to ultrafast
light absorption (107'>-107° s) and fast charge transfer
(107°-10"° s), surface reactions are much slower (10 °-10° s).
As this time scale mismatch intrinsically limits photocatalytic
reaction efficiency, the enhancement of charge separation to
increase separated charge lifetime favours improvement in
surface reactions and thus efficiency. In 2017, Nam et al
discovered that methylammonium lead iodide (MAPbI;) could
be stabilized in saturated aqueous hydroiodic acid (HI) solution,
and pioneered perovskite photocatalysts on H, evolution
via HI splitting.>® Since this pioneering work, some groups
have devoted efforts to regulating charge-transfer behaviors of
perovskites in this photocatalytic model system. Gradient-level-
alignment MHPs (MAPbBr;_,I,)** or various electron-transfer
materials, such as Pt-TiO,,'® reduced graphene oxide (rGO),"®
NizC"” and black phosphorus (BP),>> have been used to increase
charge separation and catalytic efficiencies in MAPDI;. So far,
the highest H, evolution rate and solar-to-hydrogen (STH)
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efficiency based on MHP photocatalysts for HI splitting are
3742 pmol h™" g and 1.42%,">" respectively, leaving much
room for the further improvement of charge separation and
utilization. In photocatalytic H, evolution or other reduction
reactions, one should develop ideal semiconductors with long-
lifetime photoelectrons as well as co-catalysts to extract the
photoholes, thus facilitating the reduction reaction instead of
charge recombination.

Carbonized polymer dots (CPDs), as an emerging but significant
member of the carbon-based nanomaterials family,® have a wide
range of applications due to their colortunable emission, high
photo-chemical stability, excellent photophysical/chemical proper-
ties, low toxicity and facile preparation.>’>° CPDs are usually
prepared through polymerization crosslinking and carbonization
of small molecules and/or polymer precursors with multiple polar
groups (carboxyl, amino or hydroxyl).>' The abundance of surface
polar groups allows CPDs to easily bind to the surface of ionic lead
halide perovskites with charged grain boundaries. Besides, the
energy level of CPDs can be easily manipulated by the choice of
precursors and reaction conditions.’>** Recently, we observed
enhanced charge separation and transfer in CPD/TiO, photonic
crystal hybrid photocatalysts and CPD-modified perovskite solar
cells,**** witnessing outstanding charge-transfer ability of CPDs.
Therefore, bandedge-tunable CPDs with excellent charge-transfer
ability have great potential in developing efficient perovskite-based
hybrid photocatalysts.

In this work, we demonstrate that CPDs can act as an
efficient charge modulator to stabilize photo-generated carriers
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in MHPs, and make the first demonstration of efficient per-
ovskite/CPD hybrid photocatalysts for H, evolution. We find
that the energy level of CPDs prepared from citric acid (CA) and
p-aminosalicylic acid (PASA) well matches with that of MAPDbI;,
and show that CA-PASA CPDs can enhance the separation and
stabilization of charges in MAPDI; perovskites through ultra-
fast hole extraction, resulting in a 35-fold increase in the rate of
visible-light-driven photocatalytic splitting of HI compared
to that observed for pure MAPbI;. Consequently, one of the
highest STH conversion efficiencies of 2.15% is achieved for an
optimized Pt/MAPDbI;/CA-PASA CPD hybrid. Moreover, the
novel strategy of CA-PASA CPD-assisted hole extraction can be
universally applied to improve the performance of previously
reported electron-manipulated MAPbI;-based photocatalytic
systems. This work provides a new and efficient pathway to
modulate carrier dynamics in MHP photocatalysts.

Results and discussion

MAPbDI; was hydrothermally synthesized according to a previously
described procedure.”® The MAPbI; shows extremely strong absorp-
tion in the visible and near-infrared regions (400-800 nm, Fig. 1a).
The scanning electron microscopy (SEM) image of MAPbI; powder
shows the presence of microcrystals (inset of Fig. 1a, left), while
the high-resolution transmission electron microscopy (HR-TEM)
image indicates that these MAPbI; microcrystals have a well-
defined structure with a tetragonal lattice parameter of 0.31 nm
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Fig. 1 Characterization of MAPbls perovskites and CA-PASA CPDs. (a)
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Absorption spectrum, SEM and HR-TEM images of MAPDbIs. (b) CA-PASA

CPD absorption spectrum and their precursor molecular structures. (c) TEM and HR-TEM images of CA-PASA CPDs. (d) Time-dependent absorption
intensity of CA-PASA CPDs at 386 nm in HI/H3zPO, solution. () UPS of CA-PASA CPDs: secondary electron cut-off region (left), magnified spectrum
near the Femi edge (right). HOMO = —(21.21-18.24 + 2.25) eV = —5.32 eV. (f) Schematic energy level diagram of MAPbls and CA-PASA CPDs and the

redox potentials for HI splitting.
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along the [220] direction (inset of Fig. 1a, right), which is
in good agreement with the corresponding X-ray diffraction
pattern (Fig. S1, ESIY).

CA-PASA CPDs were hydrothermally prepared from CA and
PASA (inset of Fig. 1b) under acidic conditions (pH 1.0), which
were chosen to maximize the carbonization degree and crystal-
linity and thus improve light harvesting and charge transfer
ability.*® Purified CA-PASA CPDs (Fig. 1b) exhibit strong absorp-
tion at 386 nm (with a tail extending to 600 nm) and a bandgap
of 2.08 eV (estimated from the related Tauc plot shown in
Fig. S2, ESIt). TEM and HR-TEM images show that CA-PASA
CPDs are quasi-spherical particles with an average size of 4.9 nm
and feature high crystallinity and a lattice pitch of 0.23 nm
(Fig. 1c). CA-PASA CPDs exhibit strong fluorescence emission at
507 nm with negligible excitation dependency (Fig. S3, ESIT).
Moreover, the stability of CA-PASA CPDs against HI was investi-
gated by recording their time-dependent absorption spectra in
HI solution (Fig. 1d and Fig. S4a, ESIt). The almost unchanged
absorbance at 386 nm for >500 h, as well as intact chemical
groups (Fig. S4b, ESIt), indicate that CA-PASA CPDs feature an
excellent resistance to acids. Further characterizations illustrate
that the multiple polar (carboxyl, amino and hydroxyl) groups of
CA and PASA are partially preserved in CA-PASA CPDs (Fig. S4b
and c, ESIT). As carboxyl and amino groups are efficient binding
sites for stabilizing perovskite nanocrystals,®’” the abundance of
surface polar groups allows CA-PASA CPDs to easily bind to
MAPDI; perovskites for extracting charge carriers. Therefore,
the CA-PASA CPDs/MAPbI; hybrid can be obtained through
self-assembling of CA-PASA CPDs and MAPbI; in HI solution
(Fig. S5a and b, ESIt). Studies on the hybrid catalysts indicate
that CA-PASA CPDs bind with MAPbI; mainly by COO-Pb
coordination bond (Fig. S5c-e, ESIT).

Charge separation and transfer efficiencies depend on
the alignment of energy levels between MAPDI; perovskites and
CA-PASA CPDs. Ultraviolet photoelectron spectroscopy (UPS)
reveals that the CA-PASA CPD highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) lie at
—5.32 and —3.24 eV, respectively (Fig. 1le). The valence band
minimum and conduction band maximum of MAPbI; perovskites
are —5.40 and —3.86 €V, respectively.*® Thus, staggered energy
levels are established between MAPbI; and CA-PASA CPDs
(Fig. 1f). This type-II energy level alignment provides a driving
force for hole transfer from MAPbI; to CA-PASA CPDs, also
promoting electron transfer in the opposite direction. Because
of the broad and strong absorption of MAPbI; in hybrid systems,
as demonstrated by similar absorption of CPDs/MAPbI; as pure
MAPDI; (Fig. S6, ESIT), as well as in situ transient photovoltage
(in situ TPV) measurement later. Therefore, the separation of
photo-generated charges is concluded to be dominated by hole
transfer from MAPDI; to CA-PASA CPDs, while electron transfer is
negligible from the opposite direction.

To study charge transfer between MAPbI; perovskites and
CA-PASA CPDs, we first conducted the steady-state PL and time-
resolved PL (TRPL) decay measurements under 450 nm excita-
tion. As shown in Fig. 2a, pure MAPbI; features a strong
interband emission peak at 746 nm, which is indicative of
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Fig. 2 Enhanced charge separation and lifetime in MAPbls/CA-PASA
CPDs. (a) Steady-state PL and (b) TRPL spectra of MAPbls and MAPbls/
CPDs. (c) MAPbl3 and (d) MAPbIs/CPD spectro-temporal TA maps excited
at 400 nm. (e) Characteristic dynamics for MAPbls and MAPbIs/CPDs
probed at 760 nm. (f) TPV curves of MAPblz and MAPbIs/CPDs under
355 nm excitation. All hybrid samples contain 1 wt% CPDs.

the severe photo-generated charge recombination. However,
obvious fluorescence quenching is observed when MAPDbI;
was coupled with 1 wt% CA-PASA CPDs. The distinctly sup-
pressed radiative recombination in MAPbI; suggests the occur-
rence of charge transfer from MAPbI; to CA-PASA CPDs,'® as
further demonstrated by TRPL measurements (Fig. 2b). The PL
decay plots of MAPbI; and MAPbI;/CA-PASA CPDs are fitted
with a triexponential function (Table S1, ESIt), and the respec-
tive average PL lifetimes (56.5 and 35.0 ns) indicate that charge
transfer is faster in the hybrid system. Thus, CA-PASA CPDs can
effectively extract the holes of MAPbI; because of the energy
level alignment.'>"?

To gain further insights into ultrafast charge transfer,
we investigated the spectral distribution of photo-generated
carriers in MAPbI; and MAPDI;/CA-PASA CPD samples by
femtosecond transient absorption (fs-TA) spectroscopy. Two-
dimensional fs-TA color maps (Fig. 2c and d) demonstrate an
obvious photobleaching (PB) absorption peak at 760 nm for
MAPDI;, in good agreement with the previous works.>® The
absence of PB peak redshift indicates a flat energy landscape
and negligible adverse bandtail states in the interband,’
suggesting that MAPDbI; has smooth charge transportation
channels and low defect density, and is thus promising for
high-performance photocatalytic reactions. After hybridization
with CA-PASA CPDs, the fs-TA kinetics at 760 nm become much
faster than that of sole MAPDI; after 231 ps (Fig. 2e), implying
that the CA-PASA CPDs can efficiently extract the holes of
MAPbI;,*® consistent with the PL and TRPL results. Given the
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efficient charge transfer between MAPbI; and CA-PASA CPDs,
the photo-generated carrier lifetime of the MAPDbI;/CA-PASA
CPD hybrid is expected to be prolonged. To confirm this, we
studied the carrier recombination dynamics by transient photo-
voltage (TPV) measurements, revealing that the half-lifetime
of MAPDI;/CA-PASA CPDs (23.9 ps) exceeds that of MAPbI;
(12.4 ps) (Fig. 2f). This charge lifetime increase is ascribed to
the enhanced photogenerated charge separation and suppressed
recombination in the MAPbI;/CA-PASA CPD hybrid and benefits
the surface reaction and, hence, catalytic efficiency.

Based on the above, CA-PASA CPDs are expected to improve
the photocatalytic efficiency of MAPbI; because of their
outstanding hole-extraction properties and good stability in
HI acid. Previous reports have shown that charge transfer
materials can efficiently extract photo-generated carriers through
dynamic interaction with perovskites,'”"* which greatly simpli-
fies the preparation of high-performance perovskite-based
hybrid photocatalysts. Therefore, we studied the photocatalytic
hydrogen evolution performance of the hybrid prepared by the
direct addition of CA-PASA CPDs into the MAPDI; catalytic
system. Photocatalytic reactions were conducted with 100 mg
of MAPDI; in 25 mL of MAPbI;-saturated HI solution under
visible light irradiation (4 > 420 nm), and H, evolution was
monitored by gas chromatograph to probe the influence of CPD
content on photocatalytic performance. After 4 h irradiation,
1.33 umol of H, is produced over bare MAPbI;, ie., the H,
evolution rate is 3.33 umol g~ ' h™" (Fig. 3a and Fig. S7, ESIY).
H, evolution is significantly enhanced by the introduction
of CA-PASA CPDs, with the maximal H, evolution rate
(115 umol g~ ' h™" for MAPbI;/1 wt% CA-PASA CPDs) exceeding
that of pure MAPbI; 35-fold. Only traces of H, are detected by
gas chromatography when pure CA-PASA CPDs are used as a
photocatalyst (Fig. S8, ESIt). Besides, CPD precursors (CA,
PASA, and their mixture) have no positive effects on the
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photocatalytic performance of MAPbI;. All these control experi-
ments indicate that the enhanced performance of MAPbI;/
CA-PASA CPDs stems from the synergy between MAPbI; and
CPDs. Moreover, the photocatalytic experiments performed
for three types of CPDs with different bandgaps and energy
levels highlight the importance of matched energy alignment
between CPDs and MAPbDI; (Fig. S9, ESIf). Therefore, the
matched energy alignment and high charge transfer capacity
of CA-PASA CPDs are concluded to greatly enhance hole extrac-
tion and thus improve the performance of MAPbI;-based
perovskite photocatalysts.

The mechanism of the photocatalytic reaction over MAPbI,/
CA-PASA CPDs was further probed by in situ TPV measure-
ments. The photocatalysts are deposited onto indium-tin oxide
(ITO) as working electrodes, with details provided in the ESL+
During testing, the electrodes are covered with a N,-saturated
inactive solvent (ethyl acetate, EtOAc) or reaction solution
(1% HI/EtOAc, v/v), which allows one to directly observe the
surface reactions of photo-generated charges. We first investi-
gated the effects of CA-PASA CPDs on the photocurrent signals
of MAPDI; with no charge consumer (HI). As shown in Fig. 3b,
the photocurrent intensity of MAPbI;/CA-PASA CPDs is much
higher than that of MAPDbI;, indicating a larger photo-generated
charge concentration on the surface of the former and a higher
electron-hole separation efficiency. Besides, the delayed
attenuation of MAPbI;/CA-PASA CPDs suggests longer photo-
generated charge lifetime. This observation is consistent with
the conclusion that CA-PASA CPDs can enhance the charge
separation and lifetime of MAPbI; in the study of ultrafast
photophysical processes (Fig. 2). Subsequently, the process
of photocatalytic HI splitting was explored. For MAPbI; as
the working electrode (Fig. 3c), the photocurrent intensity
decreases under 1% HI/EtOAc conditions, indicating that the
photo-generated charges of MAPbI; are consumed to split HI.
When CA-PASA CPDs are introduced (Fig. 3d), the photocurrent
of MAPDI;/CA-PASA CPDs in 1% HI/EtOAc presents a much
sharper decay than that of MAPbI;, which implies a faster
charge transfer from MAPDbI;/CA-PASA CPDs to the catalyst/
reactant interface. In addition, after the initial fast consump-
tion of charges by HI, a broad shoulder peak at 0.2-0.5 ms
appears again, which corresponds to the second distribution of
photo-generated charges between the catalyst/solution inter-
face. However, no second charge distribution is observed dur-
ing HI splitting over pure MAPbI; (Fig. 3c). Therefore, CA-PASA
CPDs are concluded to induce a second charge migration from
the interior of MAPDI; to the catalyst/reactant interface, which
increases the reaction efficiency of photo-generated charges.
This phenomenon is ascribed to the excellent charge extraction
and stabilization ability of CA-PASA CPDs.

Given the poor light response of CA-PASA CPDs (Fig. S10,
ESIT), electrons and holes are concluded to be primarily
generated from MAPbI;. These in situ TPV results confirm
that MAPDI; is the main photoactive component in this hybrid
system, while CA-PASA CPDs are a superb charge transfer medium
to stabilize photogenerated charges and increase their lifetime.
The separated charges in MAPbI;/CA-PASA CPDs show a fast

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic diagram of the photocatalytic mechanism for CA-
PASA CPDs/MAPblI3.

surface reaction rate and improved catalytic efficiency. The
mechanism of catalytic HI splitting over MAPDI;/CA-PASA
CPDs is provided in Scheme 1. When light strikes on the hybrid
photocatalyts, MAPDbI; absorbs light energy to produce elec-
trons and holes. Driven by the staggered energy alignment,
CA-PASA CPDs extract holes and enhance charge separation to
increase the lifetime of electrons in MAPbI; and thus promote
photocatalytic H, evolution.

In MAPDI;/CPD photocatalysts, the long-lifetime photo-
generated electrons in MAPbI; reduce H' to produce H,.
Theoretical calculations indicate that both the MA" and Pb*
cations of MAPbI; participate in reduction processes and act as
active sites to produce H, via a two-step reaction.’® As H' reduction
on the perovskite surface is slow, we attempted to accelerate it
by loading a Pt co-catalyst to further improve the catalytic
efficiency of MAPbI;/CA-PASA CPDs.”*** As shown in Fig. 4a,
the H, evolution rate of MAPbI;/1 wt% CA-PASA CPDs increases
to 6594 umol g ' h™! after the loading of 0.75 wt% Pt. Control
experiments show that MAPDbI;/Pt present a low H, evolution
rate of 25.4 pmol g~ ' h™", while the activity of CPDs/Pt is close
to zero (Fig. S11, ESIf). These results suggest that the out-
standing performance of Pt/MAPbI;/CA-PASA CPDs stems from
the seamless cooperation between all constituents. The excel-
lent ability of CA-PASA CPDs to extract holes from MAPDI;
promotes charge separation and prolongs the lifetime of photo-
generated charges at the MAPDbI;/CA-PASA CPD interface. Once
Pt is loaded, the active sites of H, reduction shift from MAPDbI;
to Pt, which features a much higher H, evolution activity, and
the photo-generated electrons can be rapidly consumed. There-
fore, one expects that photocatalytic efficiency can be appreci-
ably improved by further enhancement of dynamic charge
extraction and separation between MAPbI; and CA-PASA CPDs
through increasing the amount of CPDs. The H, evolution rate
of Pt/MAPbI;/7 wt% CPDs equals 11497 umol g ' h™", and the
corresponding STH conversion efficiency reaches 2.15%. Both
of these values are among the highest reported for MHP-based
photocatalysts (Fig. 4b and Table S2, ESI{). The above optimal
photocatalyst presents a high apparent quantum yield (AQY) of

This journal is © The Royal Society of Chemistry 2020
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53.6% at 420 nm and shows good performance and structure
stability during three reaction cycles (Fig. S13, ESIt).

The above discussion indicates that hole extraction by
CA-PASA CPDs is a novel and efficient method of enhancing
charge separation and improving the lifetime of photo-generated
electrons in the MAPbI; perovskite. Therefore, this performance
improvement strategy should be applicable to previously
reported electron-manipulated MAPbI; hybrid systems. To test
this hypothesis, we prepared typical MAPbI;-based hybrid photo-
catalysts with four different electron-transfer materials, namely
TiO,-Pt,'® graphene,'® black phosphorus (BP),>® and NizC'”
(Fig. S14, ESIT), which were loaded at optimal contents determined
in previous works. As shown in Fig. 4c, the above systems show
higher H, evolution rates than sole MAPbI; (3.33 umol g ' h™?),
consistent with the previous works. As expected, coupling with
CA-PASA CPDs (Fig. 4c and Fig. S15, ESI{) improves the
performance of all systems (by factors of 58.0, 2.70, 2.67, and
4.82 for MAPbI;/TiO,-Pt, MAPDbI;/graphene, MAPbI;/BP, and
MAPDI;/Ni;C, respectively). These results indicate that CA-PASA
CPDs have a universally positive impact on electron-manipulated
MAPbI; photocatalytic systems.

Conclusions

In summary, we demonstrate that CPDs can act as an efficient
charge modulator to stabilize photo-generated carriers in
MHPs. The CA-PASA CPDs can efficiently enhance the charge
separation and lifetime of MAPbI; perovskite through ultra-fast
hole transfer, thus leading to a 35-fold increase in the rate
of visible-light-driven photocatalytic HI splitting. The optimal
Pt/MAPDI;/CPD hybrid system exhibits a high H, evolution rate
of 11497 ymol h™* ¢! and a record STH efficiency of 2.15%.
Furthermore, CA-PASA CPDs can universally promote the per-
formance of previous electron-manipulated MAPbI;-based
photocatalysts. The bandedge-tunable property makes CPDs
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ideal candidates as co-catalysts to match with various MHP
photocatalysts with different energy alignments. This work
highlights the excellent charge-transfer ability of CPDs and
their great potential in developing efficient perovskite-based
hybrid photocatalysts.
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