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ABSTRACT: Inspired by eflicient perovskite solar cells, we developed a three-
component hybrid perovskite-based solar photocatalyst cell, NiO,/FAPbBr;/TiO,,
for C(sp*)—H bond activation with high selectivity (~90%) and high conversion rates
(3800 pmol g ' h™') under ambient conditions. Time-resolved spectroscopy on our
photocatalytic cell reveals efficient exciton dissociation and charge separation, where
TiO, and NiO, serve as the electron- and hole-transporting layers, respectively. The
photogenerated charge carriers injected into TiO, and NiO,, drive the challenging C—
H activation reaction via the synergetic effects of their band alignment relative to
FAPbBr;. The reaction pathway is investigated by controlling the free-radical
formation, and we find that C—H activation is mainly triggered by hole oxidation.
Besides aromatic alkanes, also the C(sp®)—H bond in cycloalkanes can be oxidized
selectively. This work demonstrates a generic strategy for engineering high-
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performance photocatalysts based on the perovskite solar cell concept.

irect functionalization of saturated C—H bonds to
D form high value-added chemicals is one of the most
challenging topics in modern chemistry. C(sp*)—H
bonds are stable and thermodynamically unreactive, makin
their conversion into C—R bonds, like C-O, very difficult.”
Much progress has been made in recent decades;*™° however,
the process selectivity and harsh reaction conditions of current
C—H activation technologies limit their widespread use.” As
such, there are strong desires to develop an easy and
energetically favorable route for the efficient conversion of
alkanes into value-added products. Photocatalysis provides a
promising solution to overcome the challenges in C—H bond
activation,” with numerous semiconductors being employed
for the selective photo-oxidation of C—H bonds using
molecular oxygen as oxidant.”~'® However, the photocatalytic
performance reported until now falls short of the ideal,
suffering from narrow optical absorption windows, low charge
separation efliciencies, and poor product selectivity, owing to
over oxidation and/or the need for specific solvents.
Organic—inorganic halide perovskites (OIHPs) typically
display strong and broad light absorption and excellent charge
transport properties.’’ These key physical characteristics
suggest their application in photocatalysis within the wider
context of light harvesting can be promising."*~'* OTHPs can
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provide a viable option for selective C—H bond activations,
with previous work demonstrating FAPbBr; and CsPbBr;
perovskites are useful for the selective photo-oxidation of
benzylic alcohols to produce benzaldehyde.'”* The con-
version rates using pure perovskite remain low because a large
portion of the photogenerated charges recombine and
circumvent the reaction process.

Inspired by efficient perovskite-based solar cells, we set
out to rationally design a more efficient perovskite photo-
catalyst via superior charge separation by including trans-
porting layers for both electrons (ETL) and holes (HTL). In
solar cell devices, efficient light—electricity conversions rely not
only on the properties of the perovskite itself but also on the
choice of both the ETL, like TiO,, and HTL, such as Spiro-
OMeTAD, PEDOT, NiO,, etc.” 7! With regard to choosing
an effective ETL, combining FAPbBr; and CsPbBr; with TiO,
provides a significant enhancement in photocatalytic benzyl
alcohol oxidation.'””” Among HTL materials, we identify
cheap and nontoxic p-type NiO, as a promising choice, given
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its high charge carrier mobility and structural stability.”'
Furthermore, nickel oxides and complexes are widely used in
organic synthesis like aerobic epoxidation of alkenes, oxidative
dehydrogenation of alkanes to alkenes, Baeyer—Villiger
oxidation and sulfoxidation, and photocatalytic organic trans-
formation.’”*> More specifically, Xiao and co-workers have
shown that NiO, could extract the photogenerated holes from
TiO, to enhance the oxidation of toluene to benzaldehyde.*
Specifically, 2D NiO, sheets offer more coordinatively
unsaturated Ni atoms, oxygen vacancies, and defect sites on
the surface, being capable of stronger interactions with
substrates.”* Furthermore, 2D layered materials have great
charge transmission capacities and are widely used in
photocatalysis to lengthen the carrier lifetime.”> For these
reasons, adopting a similar rational design employed in solar
cell devices, our final design is a three-component hybrid 2D
NiO,/FAPbBr;/TiO, nanocomposite, which is capable of
highly selective and efficient activation of C(sp*)—H bonds in
alkanes using molecular oxygen and simulated solar light
(AM1.5G).

The syntheses of NiO,, FAPbBr;, FAPbBr;/TiO,, and
NiO,/FAPbBr;/TiO, are shown in the Supporting Informa-
tion. X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) (Figures S1—S3) results clearly indicate
that FAPbBr; was prepared in its cubic phase, TiO, came as a
mixed anatase—rutile phase, and NiO, was a mixture of
NiOOH and Ni(OH), with low crystallinity. A transmission
electron microscopy (TEM) image of our nanocomposite is
provided in Figure 1A, with a high-resolution micrograph

Figure 1. TEM (A) and HRTEM (B) images of NiO,/FAPbBr;/
TiO, (Ni/FA/Ti).

(HRTEM) provided in Figure 1B. Here we see 2D NiO,
sheets supporting the FAPbBr; and TiO, nanoparticles, which
corresponds to the elemental mapping shown in Figure S6. In
the HRTEM image, lattice fringes with 0.4, 0.35, and 0.22 nm
spacing, corresponding to (011) of FAPbBr; and (101) and
(001) facets of TiO,, respectively, can be identified.**’

The optical absorption spectra of FAPbBr;/TiO, and NiO,/
FAPbBr;/TiO, in Figure 2A reveal two band edges near 420
and 580 nm, which are assigned to TiO, and FAPDbBr;,
respectively.'” Note that the absorption spectra of NiO,, TiO,,
and FAPDBr; are summarized in Figure S7. Over this photonic
range, NiO, barely contributes to the light absorption. A
notable Urbach tail absorption could be observed in NiO,/
FAPbBr;/TiO,, which is the same as that in pure NiO,,
indicating dense defects.*®

We next examine the photophysical processes in these
materials by steady-state photoluminescence (PL) spectrosco-
py. FAPDBr; presents a typical PL emission around 560 nm
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Figure 2. UV—vis DRS spectra (A) with the corresponding band
gaps shown in the inset, steady-state PL spectra (B) and PL decay
spectra (C) of the prepared FAPbBr,;/TiO, (FA/Ti) and 5% NiO,/
FAPbBr,/TiO, (Ni/FA/Ti), and (D) experimentally supported
mechanistic energy diagram of photoinduced charge transfer in
NiO,/FAPbBr,/TiO,.

(Figure S8). Addition of NiO, and TiO, induces a blue shift in
the FAPbBr; PL spectra, with a peak at 540 nm in both NiO,/
FAPbBr,/TiO, and FAPbBr;/TiO, (Figure 2B), associated
with the significantly smaller size of the FAPbBr; nanocrystals
obtained in these composites."” We note that PL intensity is
strongly quenched after the addition of NiO, onto FAPbBr;/
TiO,, indicating improved charge separation and reduced
radiative recombination.'”*” Time-resolved photolumines-
cence (TRPL) decays in Figure 2C reveal significant changes
in charge dynamics in the hybrid system. Three exponential
components are required to fit the FAPbBr;/TiO, TRPL decay
in Figure 2C, being linked to (1) trap-assisted exciton
recombination (z; = 2.2 ns), (2) exciton recombination (z,
= 31.2 ns), and (3) free-carrier recombination (7; = 136 ns).
For completeness, a complete list of parameters used is
depicted in Table S1."”*" Interestingly, the introduction of
NiO, not only strongly reduces the PL intensity but also
reshapes the TRPL decay into a monoexponential decay with a
single lifetime value of 251 ns related to free-carrier
recombination (7). Moreover, the lifetime of free carriers in
NiO,/FAPbBr;/TiO, is nearly doubled. These findings
provide clear evidence for the strong suppression of excitonic
recombinations through effective charge separation and
balanced hole/electron extraction from FAPbBr; to the NiO,
and TiO, layers."”*"** First, because of the relative band
alignment of the three materials—NiO,, perovskite, and
TiO,—the charge separation is much improved at the material
interfaces. This exact mechanism is of course exploited in the
efficient application of perovskite-based photovoltaics. The
efficient charge separation thus leads to a significantly reduced
exciton population, followed by the suppression of their
radiative contributions. Second, besides the separation of
excitonic charges at the interfaces, the free electrons and holes
are also extracted by NiO, and TiO, for the same reasons of
their band alignments relative to the absorbing perovskite. As a
consequence of the extraction of charges from the perovskite
material to NiO, and TiO,, the overall density of charges on
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the perovskite that are available for charge recombination
reduces, resulting in much lower PL emission intensity.
Furthermore, as the free-carrier population is reduced,
promoting a longer time for free carriers to encounter each
other and radiatively recombine, the PL decay time becomes
longer on average, i.e., lower free-carrier population. These
findings reveal the efficient separation and extraction pathways
for photogenerated charge carriers in the hybrid photocatalyst
materials: excitons and free carriers are generated in FAPbBr;
after photon absorption, and the favorable band alignments of
the HTL and ETL efficiently separate and extract electrons and
holes from the perovskite, suppressing excitonic PL emissions.

Next, we tested our photocatalysts for the selective photo-
oxidation of C(sp®)—H of the methyl group in toluene (Tol)
saturated with O, and simulated solar light (AM1.5G) at room
temperature. The photocatalytic performance under solar light
irradiation is summarized in Figures 3A and S9. GC-MS was
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Figure 3. (A) Photocatalytic oxidation of C(sp*)—H in Tol over
pure FAPbBr;, FAPbBr;/TiO,, and a series of NiO,/FAPbBr;/
TiO, (Ni/FA/Ti) hybrids. (B) Photocatalytic oxidation of
C(sp®)—H in substituted toluenes over 5% NiO,/FAPbBr;/TiO,.
(C) C(sp*)—H Tol oxidation in the absence or presence of various
radical scavengers. (D) Corresponding schematic of the proposed
selective photocatalytic conversion of Tol to BD over the NiO,/
FAPDbBr;/TiO,. The detailed reaction scheme can be found in the
Supporting Information. Reaction conditions: photocatalysts (0.01
g), Tol (2.5 mL) saturated with O,, AM1.5G simulated light
irradiation (85 mW/cm?), and irradiation time (4 h).

used to check the products, as shown in Figure S10. After 4 h
of illumination, the formation rates of benzaldehyde (BD)
were 320 and 1129 umol h™' g7', respectively, for FAPbBr,
and TiO,. Additionally, significant amounts of benzyl alcohol
(BA) as a side product are produced: 54 and 72 ymol h™" g™
respectively, resulting in Tol oxidation selectivity to
benzaldehyde of 81% for pure FAPbBr; and 95% for pure
TiO,. Comparing 15 wt % FAPbBr,;/TiO, with FAPbBr;, TiO,
as ETL results in about 8-fold improved production rates for
BD (2470 umol h™' g™') and BA (387 umol h™' g™'). Further
integration of an HTL (NiO,), to prepare a NiO,/FAPbBr,/
TiO, solar photocatalyst cell, improved the initial activity of
FAPbBr; up to 12 times. The best photocatalytic activity is
achieved with 5 wt % NiO, loading with an impressive Tol
oxidation rate of 3800 gmol h™' g™' to BD and 0.25% external
quantum efficiency at 400 nm. The yield of BD is 0.73% (see
Table S3). Note that further increasing NiO,, loadings beyond
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5 wt % leads to diminishing returns, with reduced conversions
driven by competitive light absorption. The optimal 5 wt %
NiO, loading is also found to improve the conversion
selectivity to BD to 86%. Control experiments using pure
NiO,, NiO,/FAPbBr;, and NiO,/TiO, are further compared
in Figures S9 and S11. Similar performances (Figure S12) were
obtained using purely visible light (>420 nm). However, the
photocatalytic reaction by using visible light shows a lower
production rate that is 10 times less than that obtained with
solar light. This indicates that with solar light irradiation, UV
photons can be harvested by TiO, to generate holes and
electrons and react with Tol.

The remarkable activity for the selective photocatalytic
oxidation of C(sp®)—H in Tol offered by the three-component
photocatalyst was also confirmed with several substituted
toluenes in the conversion to the corresponding aldehydes
(Figure 3B), which proves the universality of the strategy
reported here. The conversion rates for p-fluorobenzaldehyde,
p-methylbenzaldehyde, and p-hydroxybenzaldehyde are 2915,
3280, and 5610 umol h™" g™!, with selectivity of 81%, 77%, and
99%, respectively. The conversion, yield, and selectivity are
summarized in Table S2. The material stability during repeated
reaction cycles was evaluated. Figure S13 shows the results for
5 wt % NiO,/FAPbBr;/TiO, following their recycled use
during five consecutive 4 h reaction cycles. After 5 cycles, the
NiO,/FAPbBr;/TiO, composite retains more than 85% of its
original activity. The slight loss of activity is due to the slow
dissolution of FAPbBr; in the generated benzaldehyde. At the
same time, water as the side product will be generated in this
reaction system, which would also affect the stability of the
perovskite. We remain optimistic that the design of future
photocatalyst cells will ultimately resolve this problem via full
encapsulation of the perovskite light harvester, i.e. the
generation of a core—shell structure perovskite@HTL/ETL
minimizing the contact with the more polar reaction products,
and/or the use of perovskite surface passivating molecules. The
photocatalyst remains active for at least five cycles, indicating
that the lower limit of the turnover number (TON) is at least
263 and turnover frequency (TOF) for the first five cycles is
13.15 (h™") (see the Supporting Information for details on the
calculation). We also perform a continuous test to check the
stability of our sample (see Figure S14). After 20 h of
irradiation, the photocatalyst still presents a decent activity,
and as the reaction time increases, the generated benzaldehyde
will be further oxidized to benzoic acid.

To elucidate the exact photocatalytic reaction mechanism
behind this selective oxidation reaction, we investigated in
more detail the formation of free radicals that are often
involved in photocatalytic organic transformation.®***~*
Experiments with specific radical scavengers yield more specific
information regarding the role of various redox-active species,
e.g., ammonium oxalate for holes, potassium persulfate for
electrons, 1,4-benzoquinone for -O,”, and t-butanol for -
OH™."" The effect of these specific radical scavengers on the
photocatalytic Tol conversion was tested, with the findings
presented in Figure 3C. In the presence of ammonium oxalate
as strong hole scavenger, the Tol conversion is almost
completely prohibited. Scavenging the electrons with K,S,04
reduces the Tol conversion, but it does not completely stop the
reaction. A similar effect is observed when O, is replaced by Ar.
Even though the Tol conversion drops in the presence of Ar
and K,S,0s, the selectivity is maintained. While adding t-
BuOH has little effect on the photocatalytic Tol oxidation, 1,4-

DOI: 10.1021/acsenergylett.8b01698
ACS Energy Lett. 2019, 4, 203—208


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01698/suppl_file/nz8b01698_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.8b01698

ACS Energy Letters

benzoquinone also leads to a reduced conversion and a higher
relative BA production. Similar reactions were operated using
pristine FAPbBr; (Figure S17). These free-radical scavenging
experiments prove the free-radical process and highlight the
vital role of the photogenerated holes to initiate the activation
of Tol. These radical experiments open the door to
understanding the reaction mechanism and give us an
indication that the free radical is involved in this reaction.
However, to obtain deeper insight into the reaction mechanism
and pathway, more experiments and DFT calculations will be
useful to further confirm the reaction mechanism.

Therefore, on the basis of the results of PL, TRPL, and
radical experiments, we propose the following reaction
mechanism in Figure 3D: (1) Visible light illumination of
FAPbBr; efficiently generates charge carriers. (2) The presence
of ETL (TiO,) and HTL (NiO,) efficiently separates the
carries in FAPbBr;. (3) Molecular oxygen adsorbed on TiO, is
reduced to -O,” with electrons, and the holes in NiO, react
with Tol to form Tol radicals, a key step for the oxidation of
C—H bonds. (4) These Tol radicals react with -O,~ to produce
the corresponding aldehyde. The generation of BA can be
explained by the direct reaction of the Tol radicals with free O,
dissolved in Tol to generate BA, which can be further oxidized
to produce the aldehydes as well.'®"”

The highly selective and efficient C(sp*)—H bond oxidation
via our rationally designed perovskite solar photocatalytic cell
is further tested for the activation of cycloalkanes, using again
O, under simulated solar illumination (see Table 1). Our

Table 1. Results of the Oxidation of Cycloalkanes with 5%
NiO,/FAPbBr;/TiO,"

substrate Main product Production  Selectivity
rate
(pmol g'h)
O (j[/o 89 >99%
138 >99%

O O
“Reaction conditions: photocatalysts (0.01 g), cycloalkanes (2.5 mL)

saturated with molecular oxygen, AM1.5G simulated light irradiation
(85 mW/cm?), and irradiation time (4 h).

champion 5% NiO,/FAPbBr;/TiO, displays a high activity in
the selective oxidation of cyclohexane and cyclooctane, with 89
and 138 umol h™' g™' cyclohexanone and cyclooctenone,
respectively, and with >99% selectivity. The yield is 0.016%
and 0.032% for cyclohexanone and cyclooctenone, respectively
(see Table S4). These very promising results expand the
possibilities for perovskite-based photocatalysts in organic
synthesis, given that the C—H bonds in cycloalkanes are far
stronger than those of aromatic methyls.

In summary, we developed a new hybrid photocatalyst
inspired by the design principles expressed in the field of
perovskite-based solar cells and utilized it for the highly
efficient and selective functionalization of C—H bonds in
alkanes under relatively mild reaction conditions. A 12-fold
enhancement in Tol oxidation is achieved by loading S wt %
NiO, onto 15% FAPbBr;/TiO,. Detailed time-resolved
spectroscopy reveals the efficient photogenerated charge
carrier separation in this synergetic system, and considering
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the radical scavengers, a detailed reaction process for the
C(sp*)—H bond activation and selective oxidation is proposed.
Most importantly, this work bridges the gap between efficient
photocatalyst semiconductors and well-established perovskite
solar cells, which are currently a prominent feature in the field
of solar energy, paving the way for the rational design of novel
perovskite photocatalysts for organic synthesis.
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