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Photocatalytic Hydrogen Production Coupled with Selective
Benzylamine Oxidation over MOF Composites

Hang Liu*, Caiyun Xu', Dandan Li, and Hai-Long Jiang*

Abstract: Photocatalytic water splitting requires separation of
the mixed H, and O, products and is often hampered by the
sluggish O,-producing half reaction. An approach is now
reported to address these issues by coupling the H,-producing
half reaction with value-added benzylamine oxidation reaction
using metal-organic framework (MOF) composites. Upon
MOF photoexcitation, the electrons rapidly reduce the protons
to generate H, and the holes promote considerable benzyl-
amine oxidation to N-benzylbenzaldimine with high selectivity.
Further experimental characterizations and theoretical calcu-
lation reveal that the highly conjugated s-triazine strut in the
MOF structure is crucial to the efficient charge separation and
excellent photocatalytic activity.

P hotocatalytic hydrogen production by water splitting has
been the subject of intense research, as it provides an
alternative to replace fossil fuels with clean and renewable
energy.!l Great efforts have been devoted to exploiting highly
efficient photocatalysts for this reaction.’!’ While the H,-
producing half reaction is desired, the other half reaction to
produce O, often suffers from sluggish kinetics and slows
down the overall process.”! To achieve efficient photocatalytic
H, production, most reports on water splitting have focused
on this half reaction by consuming holes with diverse
sacrificial agents, such as CH;OH, triethanolamine, and
triethylamine. On the other hand, as an undesired by-product,
O, is a good electron acceptor that suppresses the H,-
producing reduction half reaction and generates system-
damaging reactive oxygen species (ROS) by uncontrolled O,
reduction.*! Moreover, O, has limited commercial value and
is associated with costly separation from H,. In this context,
replacing the sacrificial agent consumption or O, production
with organic oxidation would avoid the pollution/waste and
enable the synthesis of value-added organic chemicals.”
Selective oxidative coupling of amines to imines is an
important laboratory and commercial procedure because of
the versatile applications of imines as biologically active
nitrogen-containing organic compounds. This reaction can be
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promoted with carbocationic species by the activation of
photogenerated holes.®! Therefore, it would be possible to
realize simultaneous proton photoreduction and selective
amine oxidation in a closed redox cycle over photocatalysts,
generating two value-added products, solar fuel and solar
chemicals. Unfortunately, related reports remain extremely
rare.!

In comparison to bulk semiconductors, porous photo-
catalysts possess unique characteristics with their high surface
area, favorable transport of substrates and products, and
active-site exposure.’! In particular, the photogenerated
carriers undergo short transport distance to reach the
substrates diffused in porous materials, leading to efficient
electron-hole (e-h) separation and enhanced activity. Metal—
organic frameworks (MOFs),®l a relatively new class of
porous crystalline materials featuring highly diversified and
tailored structures, have demonstrated their potential for
various applications, particularly photocatalysis in recent
years.” ! The ligands in MOFs absorb light and the photo-
excited electrons can be injected into metal-oxo clusters to
generate the charge separated state via ligand-to-cluster
charge transfer (LCCT), showing semiconductor-like behav-
ior.”! Quite a few MOFs have been reported for photo-
catalysis, including water splitting, CO, reduction, and
organic transformations.” Diverse cocatalysts, especially
Pt nanoparticles (NPs), have been shown to greatly enhance
the catalytic efficiency.']

Herein, a representative MOF, PCN-777 (formulated
Z1;0,(0OH),(H,0)(TATB),)!"” with a conjugated 4,4'4"-
(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (H;TATB) ligand, is
employed to achieve a complete redox cycle, completing
photocatalytic H, production coupled to selective oxidation
of benzylamine to N-benzylbenzaldimine, with a Pt cocatalyst
in the absence of sacrificial agent (Scheme 1). The photo-
generated carriers are effectively separated in PCN-777 with
extended m-conjugated ligand, as supported by density func-
tional theory (DFT) calculation and electrochemical meas-
urements as well as control experiments over MOF-808
bearing a similar topology while a short ligand (trimesic acid,
H;BTC). Accordingly, PCN-777 has a much higher activity
than MOF-808. To our knowledge, this is the first report on
coupling H, production and organic transformation into
a redox cycle over MOF photocatalysts.

A novel and rapid microwave-assisted solvothermal
approach has been developed, for the first time, to afford
PCN-777, which is constructed by Ds,-symmetric Zrq anti-
prismatic units and trigonal-planar organic linkers (H;TATB),
featuring a 3D p-cristobalite network (Figure 1a) with 3.4 nm
mesoporous cages (Supporting Information, Figure S1).
Powder X-ray diffraction (XRD) profile demonstrates its
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Scheme 1. lllustration of simultaneous proton reduction and selective
benzylamine oxidation over Pt/PCN-777 by photocatalysis.

as-synthesized Pt/PCN-777

i as-synthesized PCN-777

Intensity (a.u.)

simulated PCN-777

N
5 10

|4

15 20 25 30 35 40
Theta

20{C
154
'y A 1500 Hz
o
O10
e
e © 1000 Hz
54
500 Hz
o — -
-0. 0 02 04 06 08

4 -02 00 O
Potential (V vs Ag/AgCl)

Figure 1. a) View of the 3D network of PCN-777 along the [111]
direction, in which the voids are highlighted by yellow spheres.

b) Powder XRD patterns for simulated PCN-777, as-synthesized PCN-
777 and Pt/PCN-777. c) Mott-Schottky plots for PCN-777 in a 0.1 m
Na,SO, aqueous solution (inset: energy-band diagram of PCN-777).
d) TEM image for 2.3 wt% Pt/PCN-777 (inset: size distribution of Pt
NPs).

high crystallinity and purity (Figure 1b). The high stability
ensures its permanent porosity with a high Brunauer—
Emmett-Teller (BET) surface area of 1700 m*g~" (Support-
ing Information, Figure S2). Infrared (IR) spectroscopy
shows the characteristic absorption at 1521 cm ™' for triazine
ring (Supporting Information, Figure S3). Mott-Schottky
measurements were conducted at the frequencies of 500,
1000, and 1500 Hz (Figure 1c). A positive slope of the C*
values (vs. applied potentials) indicates the character of
a typical n-type semiconductor.'® The intersection point is
independent of the frequency and the flat band position
determined from the intersection is —0.43 V vs. Ag/AgCl
(that is, —0.23 V vs. NHE), approximate to the bottom of
conduction band (LUMO) for n-type semiconductors. With
the band gap of PCN-777 estimated to be 3.67 eV according to
the Tauc plot (Supporting Information, Figure S4), the top of
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valence band (HOMO) is then calculated to be 3.43V vs.
NHE. Such an energy-band structure in PCN-777 makes it
theoretically feasible for proton photoreduction and photo-
oxidation of organic substrates, such as benzylamine
(+0.76 V vs. NHE).[*

The Pt/PCN-777 composite, quantified with 2.3 wt% Pt
by inductively coupled plasma atomic emission spectrometry
(ICP-AES), was fabricated by impregnating PCN-777 in the
Pt precursor solution, followed by reduction at 180°C in a H,/
Ar atmosphere. Powder XRD pattern indicates that Pt
introduction does not affect the MOF structure and the
small sizes of Pt NPs (Figure 1b), which verified by trans-
mission electron microscopy (TEM) observation, showing
highly dispersed Pt NPs of about 2.8 nm (Figure 1d).

The photocatalysis has been investigated under different
conditions for comparison (Table 1). Pt/PCN-777 exhibits
excellent H, production rate of 586 umolg 'h™! in the

Table 1: The activity of photocatalytic H, production and/or benzylamine
oxidative coupling reaction under different conditions.”!

Entry  Catalyst Pt Benzylamine Sel. H, rate
content  oxidation rate  [%]*)  [umolg™"h7']
wt%]  [umolg 'h™]

11 PCN-777 2.3 - - 586

2 PCN-777 2.3 486 >99 332

3 PCN-777 23 - - 73.9

4 PCN-777 2.3 1512 >99 -

5 MOF-808 2.4 128 >99 1.7

6" MOF-808 2.4 118.8 >99 1.4

7 blank - 120.6 >99 n.d.

[a] Reaction conditions: 5 mL DMF, 10 mg catalyst, 50 uL benzylamine,
50 uL H,0, 1 atm N,, room temperature, 300 W Xenon lamp. [b] Deter-
mined by GC analysis. [c] 50 uL TEOA instead of benzylamine. [d] With-
out benzylamine/TEOA. [e] Adding 200 mg AgNO;. [f] MOF-808 syn-
thesized by microwave method. [g] For better comparison, the activity
was calculated based on 10 mg catalyst.

presence of TEOA as a sacrificial agent (entry1). The
composite is recyclable under the catalytic conditions (Sup-
porting Information, Figure S5). The high activity of Pt/PCN-
777 toward H, production prompts us to replace the sacrificial
agent with benzylamine. With the same amount of benzyl-
amine as TEOA, H, evolution rate decreases to
332 umolg 'h™! (entry 2), which can be explained by the
weaker electron donating ability of benzylamine than TEOA
that slows down the reduction half reaction to some extent.
Simultaneously, the benzylamine can be converted to N-
benzylbenzaldimine at a rate of 486 pmolg'h™"' with >99 %
selectivity (entry 2). Furthermore, Pt/PCN-777 exhibits excel-
lent recyclability and stability in the closed redox cycle
involving proton reduction and benzylamine oxidation (Fig-
ure 2a; Supporting Information, Figure S6).

It is of great importance to elucidate the reaction
mechanism behind both half reactions. In the absence of
electron donor, the H, production rate significantly decreases
to 73.9 umolg 'h™! (entry 3). With AgNO; as an electron
scavenger, benzylamine oxidative coupling reaction proceeds
very efficiently at 1512 umolg'h™' in N, atmosphere
(entry 4), suggesting that free electrons and oxygen do not

Angew. Chem. Int. Ed. 2018, 57, 53795383
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Figure 2. a) Recycling performance of Pt/PCN-777 toward coupling
photocatalytic H, production with selective benzylamine oxidation.

b) Hammett plot for the photocatalytic H, production coupled with
selective benzylamine oxidation of para-substituted benzylamines over
Pt/PCN-777. c) Cyclic voltammetry tests for PCN-777 at different
benzylamine concentrations in CH;CN. d) UV/Vis spectra tracking
TMPD oxidation along with time in N, atmosphere over PCN-777 in
CH,CN under light irradiation.

account for the activity while holes on the HOMO play
a critical role. The Hammett plot for photocatalytic H,
production coupling with selective benzylamine oxidation of
diverse para-substituted benzylamines by Pt/PCN-777 has
been obtained to identify the key intermediate of benzyl-
amine oxidation (Figure2b; Supporting Information,
Table S2). A reasonable linearity and negative slope infer
the generation of carbocationic species (PhCH,NH,™") by the
holes during the benzylamine oxidation and the resulting
carbocationic species couples with benzylamine to give the
target product.**® The benzylamine oxidative coupling
process has been further investigated by cyclic voltammetry
measurements (Figure 2¢). The first oxidation peak current
increases gradually upon the addition of benzylamine,
manifesting that benzylamine reacts with holes from the
HOMO of PCN-777.I Moreover, the significantly enhanced
electron paramagnetic resonance (EPR) signal at g =2.0027
can be ascribed to electron-trapped Zr-oxo clusters (Support-
ing Information, Figure S7), indicating electrons transfer
from the TATB ligand during photocatalysis.'”” Based on
the above results, the overall reaction mechanism has been
proposed (Supporting Information, Figure S8).

Along with selective benzylamine oxidation, N,N,N',N'-
tetramethyl-p-phenylenediamine (TMPD) oxidation has
been also conducted to examine the oxidative ability of
PCN-777. Upon irradiation, the color of TMPD changes from
nearly colorless to purple even in a N, atmosphere. UV/Vis
spectra showed that four peaks at 475 nm, 520 nm, 560 nm,
and 610 nm belonging to the oxidized products gradually
grow along with the irradiation time (Figure 2d)," unam-
biguously demonstrating that the TMPD oxidation promoted
by the hole from PCN-777. Taking this one-step further to
couple different photooxidation reactions with proton photo-
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reduction, the dibenzylamine oxidative dehydrogenation, and
cinnamyl alcohol oxidation have also been attempted. To our
delight, the overall redox reactions vividly proceed with the
help of electrons and holes under light irradiation (Supporting
Information, Table S3). The results indicate general applic-
ability of our approach coupling photocatalytic H, generation
with various organic oxidations over MOF photocatalysts.

To investigate the merits of highly conjugated ligand
TATB, trimesic acid (H;BTC) based MOF-808, with the same
topology as PCN-777 (Supporting Information, Figure S9),
was selected for comparison. After complete characteriza-
tions for MOF-808 (Supporting Information, Figures S10-
S14), 24 wt% Pt/MOF-808 was synthesized with highly
dispersed Pt NPs of about 2.30 nm (Supporting Information,
Figure S15), via a similar impregnation method to 2.3 wt %
Pt/PCN-777. The energy band structure of MOF-808 was
quantified based on Tauc and Mott-Schottky plots (Support-
ing Information, Figures S16, S17). Its LUMO can be
determined to be —0.39 V vs. Ag/AgCl (that is, —0.19 V vs.
NHE; Supporting Information, Figure S17, inset), similar to
that of PCN-777, in accord with the very similar coordination
situation of D;;,-symmetric Zr, clusters between MOF-808
and PCN-777.

The photocatalytic activity was compared between PCN-
777 and MOF-808. The Pt/MOF-808 shows much inferior H,
production rate (ca. 1 umolg 'h™') (Table 1, entries 5, 6), in
comparison to Pt/PCN-777 (Supporting Information, Fig-
ure S18). It is worth noting that, in contrast to little activity for
H, production, the oxidation half reaction over Pt/MOF-808
has unmatched activity. The selective benzylamine oxidation
proceeds at a relatively low rate even in the absence of
catalyst (Table 1, entry 7), which is probably due to the self-
coupling between photoexcited benzylamines (Supporting
Information, Figure $19).°%! Furthermore, slight intensity
variation of all four peaks related to the TMPD oxidative
products over MOF-808 suggest its inferior oxidation ability
to PCN-777 (Supporting Information, Figure S20). These
results clearly demonstrate that the ligand conjugation in
MOFs greatly benefits photocatalysis.

To explain the much higher photocatalytic activity of
PCN-777 than MOF-808, we assume that charge separation
efficiency would be of paramount importance.*'!! Photo-
current measurements show that PCN-777 produces a higher
photocurrent response than MOF-808, reflecting that photo-
induced e-h pairs are separated more efficiently in the former
(Figure 3a). This result is further supported by open circuit
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Figure 3. a) Photocurrent tests and b) EIS plots of PCN-777 and MOF-
808.
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photovoltaic measurements, which suggest that photoexcited
PCN-777 requires longer time to reach the balance than
MOF-808 (Supporting Information, Figure S21). Electro-
chemical impedance spectroscopy (EIS) for PCN-777 indi-
cates a smaller radius and a lower resistance in charge
transportation than those of MOF-808 (Figure 3b). There-
fore, PCN-777 possesses higher charge-separation efficiency
than MOF-808 with the same topology and the very similar
coordination environment of Zr-oxo clusters.

To further explain the difference in charge separation
efficiency between PCN-777 and MOF-808, DFT calculation
was conducted (Supporting Information, Figure $22).1"! For
PCN-777, the HOMO is located mainly at the s-triazine unit
in the ligand, and the LUMO lies on the Zr-oxo clusters
(Supporting Information, Figure S23). The HOMO and
LUMO are spatially spaced, so the photogenerated carriers
are effectively separated and have relatively long lifetimes. In
contrast, both the HOMO and LUMO of MOF-808 are
mainly located at the Zr-oxo clusters and the spatial
proximity results in a very short lifetime of charge carriers
(Supporting Information, Figure S24). The calculation results,
together with the above characterization tests, unambiguously
suggest that in comparison to MOF-808 featuring the same
structural topology, the extended TATB ligand with a highly
conjugated system in PCN-777 facilitates its charge separa-
tion, thus improving catalytic efficiency.

In summary, we have demonstrated a novel strategy for
the integration of photocatalytic H, production with selective
benzylamine oxidation over MOF composites under light
irradiation, in the absence of sacrificial agent. The photo-
generated electrons reduce protons while the organic trans-
formation to value-added product occurs with the help of
holes. The 2.3 wt % Pt/PCN-777 shows much higher activity in
the coupled reactions than that of 2.4 wt% Pt/MOF-808, in
which both MOFs possess the same structural topology and
very similar coordination environment of Zr-oxo clusters. The
elongated conjugated ligand in PCN-777 extends the light
absorption and greatly improves charge separation, as
supported by both experimental and calculation results. To
our knowledge, this is the first work employing MOFs as
a platform to simultaneously produce a H, fuel and a valuable
organic chemical, and the products are spontaneously sepa-
rated in the gaseous phase and in the solution, respectively.
The coupling strategy developed herein judiciously avoids
water oxidation reaction, which is not only of commonly
sluggish kinetics but also poses a significant challenge for
MOF photocatalysts. We envision that this strategy provides
a promising and practical solution to combine solar H,
production with diverse organic oxidation reactions to gen-
erate valuable chemicals.
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