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Production
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Amir Waseem, Long Jiao,* and Hai-Long Jiang*

While the microenvironment around catalytic sites is recognized to be crucial
in thermocatalysis, its roles in photocatalysis remain subtle. In this work, a
series of sandwich-structured metal-organic framework (MOF) composites,
UiO-66-NH, @ Pt@UiO-66-X (X means functional groups), is rationally
constructed for visible-light photocatalytic H, production. By varying

the —X groups of the UiO-66-X shell, the microenvironment of the

Pt sites and photosensitive UiO-66-NH, core can be simultaneously
modulated. Significantly, the MOF composites with identical light

absorption and Pt loading present distinctly different photocatalytic H,
production rates, following the —X group sequence of —H > —Br > —NA
(naphthalene) > —OCH; > —CI > —NO,. UiO-66-NH, @ Pt@UiO-66-H
demonstrates H, production rate up to 2708.2 pmol g=' h=', ~222 times that
of Ui0-66-NH, @ Pt@UiO-66-NO,. Mechanism investigations suggest that
the variation of the —X group can balance the charge separation of the
UiO-66-NH, core and the proton reduction ability of Pt, leading to an optimal
activity of UiO-66-NH, @ Pt@UiO-66-H at the equilibrium point.

the exploration of efficient artificial pho-
tocatalysts is regarded as one of the most
critical issues in this field.'?] Among
various catalyst systems, natural enzymes
present ultrahigh catalytic efficiency for
many challenging reactions under mild
conditions, attributed to the synergistic
effect between catalytic sites and their sur-
rounding microenvironments.}] Learned
from enzyme catalysis, the fabrication
of suitable microenvironments around
catalytic sites should also be of great sig-
nificance in heterogeneous catalysis for
enhanced performance which has been
proved in thermocatalysis.[*] Nevertheless,
compared with thermocatalysis, photo-
catalysis, as another kind of heterogeneous
catalysis, usually suffers from more com-
plicated processes (photoexcitation, charge
separation, and surface reaction) that are

1. Introduction

Solar-powered photocatalytic hydrogen production is consid-
ered to be a viable solution to the global energy crisis and

S. Wang, Z. Ai, R. Kang, Z. Lin, L. Jiao, H.-L. Jiang
Hefei National Research Center for Physical Sciences at the Microscale
Department of Chemistry

Collaborative Innovation Center of Chemistry

for Energy Materials (iChEM)

University of Science and Technology of China
Hefei, Anhui 230026, P. R. China

E-mail: longjiao@ustc.edu.cn; jianglab@ustc.edu.cn
X.Niu, W. Yang

School of Energy and Power Engineering

North China Electric Power University

Baoding, Hebei 071003, P. R. China

A.Waseem

Department of Chemistry

Quaid-i-Azam University

Islamabad 45320, Pakistan

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/adma.202302512
DOI: 10.1002/adma.202302512

Adv. Mater. 2023, 35, 2302512

2302512 (1 of 7)

mutually entangled,®! giving rise to the

challenge toward photocatalytic perfor-

mance optimization by microenvironment
modulation. To meet this challenge, it is of great signifi-
cance to construct a suitable material platform, where the lo-
cal microenvironment around both photosensitizer and cat-
alytic units can be regulated at atomic precision for enhanced
photocatalysis.

Metal-organic frameworks (MOFs),[®”] a class of promising
porous crystalline materials constructed by metal nodes and
organic ligands, have attracted extensive interests in hetero-
geneous catalysis.®] Especially, due to the atomically precise
structures, modifiable pore environment, and semiconductor-
like behavior, MOFs have demonstrated their great potential
in photocatalysis.[’l Moreover, the well-defined and easily tai-
lorable components and structures of MOFs greatly facilitate the
precise microenvironment modulation at an atomic scale.[*d10]
Meanwhile, the high porosity in MOFs enables the good ac-
cessibility of catalytic metal centers, regardless of their loca-
tion on the skeleton or in the pore space.'!l Additionally,
some MOF composites with novel structures, such as sandwich-
like, core-shell and yolk-shell structures, have been success-
fully synthesized and complex functionalities have been re-
ported toward catalysis.!'?] On account of these, MOFs would
be a promising model to investigate the significant roles
of microenvironment modulation in photocatalysis. Among

© 2023 Wiley-VCH GmbH
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Ui0-66-NH,@Pt@Ui0-66-X
(X' =-H, -Br, -NA, -OCHj, -CI, -NO,)

Scheme 1. Schematic illustration of the stepwise synthesis of sandwich-structured UiO-66-NH, @ Pt@UiO-66-X (X = —H, —Br, —NA, —OCH,, —Cl,

—NO,) composites.

diverse MOFs, UiO-66-type MOFs, with excellent structural tai-
lorability and stability, have been widely used in photocataly-
sis and should be a promising platform for microenvironment
modulation.!**]

In this work, the pre-synthesized Pt NPs are attached on
the outer surface of an as-prepared MOF, UiO-66-NH,, to give
UiO-66-NH, @Pt via electrostatic self-assembly (Scheme 1). Fol-
lowing epitaxial growth, a series of isoreticular UiO-66-X shells
with diverse functional groups are successfully coated on UiO-
66-NH, @Pt, affording UiO-66-NH, @ Pt@ UiO-66-X (X = —H,
—Br, —NA (naphthalene for short), —OCH,, —CI, —NO,) com-
posites with sandwich-like structure (Scheme 1). Such a struc-
ture guarantees the sufficient contact of UiO-66-X shell with
both UiO-66-NH, core and Pt NPs, facilitating the precise reg-
ulation of UiO-66-NH, and Pt NPs by simply altering the —X
group of the shell MOF as the microenvironment. As a result,
UiO-66-NH, @Pt@ UiO-66-H presents the best activity among
all Ui0-66-NH, @ Pt@ UiO-66-X and UiO-66-NH, @Pt in photo-
catalytic H, production with trimethylamine (TEA) as the elec-
tron donor, highlighting the critical role of UiO-66-X shells
in performance regulation. Mechanism investigations reveal
that UiO-66-X shell, serving as the microenvironment param-
eter, reversely regulates the exciton binding energy of UiO-66-
NH, (photosensitizer) core and proton reduction rate on Pt
(cocatalyst), and thereby UiO-66-NH, @Pt@ UiO-66-H locating
at the equilibrium point possesses the optimal photocatalytic
activity.

2. Results and Discussion

2.1. Synthesis and Structural Characterizations

The typical Zr-based MOF, UiO-66-NH, presents the octahedral
morphology with size ~370 nm were synthesized (Figure 1a;
Figure S1, Supporting Information). Meanwhile, Pt NPs with
an average size of 3.8 nm were prepared under the stabi-
lization of poly(vinylpyrrolidone) (PVP) and subsequently as-
sembled onto the outer surface of the as-prepared UiO-66-
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NH, via electrostatic interaction, affording UiO-66-NH,@Pt
composite with inherited MOF crystallinity and morphology
(Figures S1-S3, Supporting Information). After that, a series
of isoreticular UiO-66-X layers with different functional groups
were epitaxially grown on UiO-66-NH, @Pt to afford UiO-66-
NH, @Pt@UiO-66-X (X = —H, —Br, —=NA, —OCH,, —Cl, —NO,)
composites, in which Pt NPs were sandwiched. Due to the
similar lattice parameters of UiO-66-X shells to the UiO-66-
NH, core, the resultant UiO-66-NH, @ Pt@ UiO-66-X compos-
ites show well-retained crystallinity and octahedral morphol-
ogy (Figure 1b; Figures S4 and S5, Supporting Information).
Transmission electron microscopy (TEM) observation demon-
strates that Pt NPs in UiO-66-NH, @ Pt@ UiO-66-X are located
between the MOF core and UiO-66-X shells (Figure 1c,d; Figures
S6-S10, Supporting Information), and such a sandwich-like
structure maximizes the contact of UiO-66-X shell with both
UiO-66-NH, and Pt. Moreover, the thickness of UiO-66-X shell
is well controlled at ~20 nm for all UiO-66-NH, @Pt@ UiO-
66-X composites (Figure 1d; Figures S6-S10, Supporting
Information).

Nitrogen adsorption suggests the highly porous feature of
all composites (Figure S11, Supporting Information), favorable
to the accessibility of Pt NPs. Moreover, UV-vis diffuse re-
flectance spectra of all UiO-66-NH, @ Pt@ UiO-66-X composites
show almost the same profiles for light responses with very
similar bandgaps, in consistent with the pristine UiO-66-NH,
(Figure 2a,b; Figures S12 and S13 and Table S1, Supporting In-
formation). Moreover, the Pt loading in UiO-66-NH, @ Pt@ UiO-
66-X composites is very similar to ~1.9 wt% according to induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis (Figure 2b; Table S2, Supporting Information). Based on
the results above, it can be seen that, except for the different —X
functional groups on the shell MOF, all UiO-66-NH, @ Pt@ UiO-
66-X composites present comparable sandwich-like structure,
shell thickness, Pt loading, and light absorption, providing ideal
models to investigate the influence of the microenvironment
created by the shell MOFs with diverse —X groups on the
resulting photocatalytic activity. Furthermore, other kinds of
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Figure 1. a,b) Scanning electron microscopy (SEM) images of UiO-66-NH, (a) and UiO-66-NH, @Pt@UiO-66-H (b). c) TEM and d) enlarged TEM
images of UiO-66-NH, @Pt@UiO-66-H (inset of (d): size distribution of Pt NPs).

sandwich-like MOF composite, such as ZIF-8@Pt@ZIF-67 and
MIL-125-NH, @ Pt@MIL-125-NH,, have also been constructed
successfully, illustrating the universality of epitaxial growth tech-
nique on the fabrication of sandwich-like MOF composite (Figure
S14, Supporting Information).

2.2. Photocatalytic Performance Evaluation for H, Production

Inspired by the results above, photocatalytic H, production over
UiO0-66-NH, @ Pt@ UiO-66-X was investigated under visible light
irradiation and TEA acts as electron donor. As expected, the
Ui0-66-NH, @ Pt@ UiO-66-X catalysts, with only variation in the
—X groups on the shell MOFs, exhibit distinctly different pho-
tocatalytic hydrogen production rates following the replaceable
group sequence of —H > —Br > —NA > —OCH, > —Cl > —NO,
(Figure 2c). Specifically, UiO-66-NH, @ Pt@ UiO-66-H possesses
the highest hydrogen production rate up to 2708.2 pmol g=! h~,
which is 222 times and 4.9 times higher than that of UiO-
66-NH, @Pt@Ui0-66-NO, (12.2 pmol g=! h7') and UiO-66-
NH, @Pt without shell MOF (556.4 umol g=! h™1), respectively,
clearly highlighting the critical role of microenvironment created
by the UiO-66-X (Figure 2c). The good crystallinity of all the com-
posite photocatalysts can be maintained after reaction (Figure
S15, Supporting Information). Moreover, the best-performing
Ui0-66-NH, @ Pt@UiO-66-H shows a stable photocatalytic H,
production rate during six consecutive runs (Figure 2d). As con-
trols, the photocatalytic H, production of UiO-66-NH, and UiO-
66-NH, @ UiO-66-X without Pt has been examined, both of which
present negligible H, production rates, confirming the signifi-
cant role of Pt serving as catalytic site (Table S3, Supporting In-
formation). In addition, UiO-66 without the —NH, group, which
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gives no response to visible light, is also employed as core in-
stead of UiO-66-NH, to afford UiO-66@Pt@ UiO-66-X compos-
ites (Figures S3 and S16, Supporting Information). It can be
seen that no H, is produced over UiO-66@Pt@ UiO-66-X un-
der visible-light irradiation (Table S4, Supporting Information),
given their light response ability in the UV region only (Figure
S16, Supporting Information), revealing the necessity of the UiO-
66-NH, core as photosensitizer and excluding the possible light
harvesting contributed by the UiO-66-X shell. Furthermore, UiO-
66-NH, @ UiO-66-H@Pt with Pt on the outer surface of the shell
is further constructed as a control, which presents much infe-
rior performance to UiO-66-NH, @ Pt@ UiO-66-H, indicating the
significance of Pt location to accept photo-generated electrons
from UiO-66-NH, core (Figures S17-S19, Supporting Informa-
tion). In addition, triethanolamine (TEOA), another typical elec-
tron donor, has also been employed instead of TEA. It can be seen
that the photocatalytic activities of UiO-66-NH, @ Pt@ UiO-66-X
series using both TEA and TEOA present the same trend along
with the variation of —X group, excluding the potential influence
of electron donors on the activity sequence (Figure S20, Support-
ing Information).

Moreover, the solvent effect of photocatalytic performance
has also been studied and results show that the photocat-
alytic activity of UiO-66-NH, @Pt@UiO-66-H in the mixture of
acetonitrile/TEA/H, O is much higher than those in the mixture
of acetonitrile/TEA and TEA/H, O (Figure S21, Supporting Infor-
mation). The water can be directly involved in hydrogen produc-
tion as a hydrogen source, and acetonitrile guarantees the good
dispersion of MOF with hydrophic ligands as well as activates
H, O molecules via hydrogen-bonding interaction.'*] As a result,
the acetonitrile and H, O are proved to be necessary for optimiz-
ing catalytic performance.
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Figure 2. a) UV-vis spectra and b) bandgap and Pt loading values for UiO-66-NH, @ Pt@UiO-66-X composites. c) Photocatalytic hydrogen production
rates of UiO-66-NH, @Pt@UiO-66-X (labeled —X) and UiO-66-NH, @Pt without shell (labeled w/o shell). d) Photocatalytic recyclability of UiO-66-

NH, @Pt@UiO-66-H.

2.3. Mechanism Investigations

In view of the remarkable activity differences among UiO-66-
NH, @Pt@ UiO-66-X composites, related characterizations have
been carried out to clarify the intrinsic mechanism. Considering
the multiple processes in the photocatalytic reaction, the efficien-
cies of optical absorption (), charge separation (#,), and sur-
face reaction (17;) are regarded as dominant factors that synergis-
tically affect the overall photocatalytic efficiency (#,,,) according
to the equation, 5, = 1, X 1, X #;, and the higher  ,, main-
fests better activity.['>] On account of this, the specific roles of the
UiO-66-X shell in the photocatalytic activity regulation of UiO-66-
NH, @Pt@ UiO-66-X are investigated by the above three aspects.
Given the photosensitizer for all the composites is from the same
core, UiO-66-NH,, the optical absorption (,) is unified, and the
activity difference should be ascribed to charge separation (1)
and surface reaction (#5).

Exciton binding energy (E,), a key parameter to evaluate
charge separation efficiency (n,) of photocatalysts, has been de-
termined by temperature-dependent photoluminescence (PL)
spectra.’®) With decreased temperature, the PL intensities of
UiO-66-NH, @ Pt@ UiO-66-X increase monotonically, which can
be further fitted to quantify the values of E; (Figure 3a;
Figures S22-S26, Supporting Information). Accordingly, the cal-
culated E, values for UiO-66-NH, @ Pt@UiO-66-X (X = —H,
—Br, —NA, —OCH,;, —Cl, —NO,) follow the sequence —OCH,
(75.2 meV) > —NA (71.9 meV) > —H (67.6 meV) > —Br
(62.1 meV) > —Cl (48.4 meV) > —NO, (45.3 meV) (Figure 3b;
Figures S22-S26 and Table S5, Supporting Information). Since
the smaller E; corresponds to the higher charge separation
efficiency (n,), it is suggested that #, follows a sequence of
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—OCH,; < —NA < —H < —Br < —Cl < —NO,, positively cor-
related with the electron-withdrawing degree of these groups,
which indicates that UiO-66-NH, @ Pt@ UiO-66-NO, possesses
the highest charge separation ability (Figure 3b,c).'”] Moreover,
the E, values of core-shell UiO-66-NH, @ UiO-66-X in the ab-
sence of Pt also follow the same trend as UiO-66-NH, @ Pt@ UiO-
66-X (Figures S27-S33; and Table S6, Supporting Information),
clearly demonstrating the regulation ability of UiO-66-X shell for
the charge separation of the UiO-66-NH, core. Meanwhile, PL
emission spectra and time-resolved PL spectra jointly manifest
the weaker fluorescence intensity and shorter exciton lifetime for
Ui0-66-NH, @ Pt@ UiO-66-X involving the —X functional group
with increased electron-withdrawing ability (Figure 3d; Figure
S34 and Table S7, Supporting Information), supporting the en-
hanced exciton dissociation and charge separation, in agreement
with the above E, results.['®] It is worth noting that the E, value
of Ui0-66-NH, @ Pt@UiO-66-X alone cannot correlate with the
trend of photocatalytic activity, inferring that the charge sepa-
ration efficiency (1,) might not be the only factor dominating
the photocatalytic performance (Figure S35, Supporting Informa-
tion).

Furthermore, the properties of Pt cocatalyst covered with UiO-
X shells, which would be associated with the efficiency of sur-
face reaction process (17;), have been further characterized. X-ray
photoelectron spectroscopy (XPS) analysis suggests that the Pt
electron density in UiO-66-NH, @ Pt@ UiO-66-X follows the se-
quence of —NO, < —Cl < —Br < —H < —NA < —OCHj;, in line
with the increase of electron-donating ability of the —X func-
tional group (Figure 4a). Moreover, CO adsorption diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS) has
been conducted to evaluate the electron density of Pt. It can be

© 2023 Wiley-VCH GmbH
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Figure 3. a) Integrated PL emission intensity of UiO-66-NH, @ Pt@UiO-66-H as a function of reciprocal temperature (inset: temperature-dependent PL
spectra, Ao, = 380 nm). b) The gradually decreased Ey values of UiO-66-NH, @ Pt@UiO-66-X along with the increased electron-withdrawing ability of
—X group. ¢) Schematic illustration showing the exciton states with different E, of UiO-66-NH, @ Pt@UiO-66-X. d) PL emission spectra (4., = 380 nm)
for UiO-66-NH, @ Pt@UiO-66-X.
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Figure 4. a) Pt 4f XPS spectra, b) CO adsorption DRIFT spectra, and c) electrochemical LSV curves for HER of UiO-66-NH, @ Pt@ UiO-66-X composites.
d) The variation of H, production rate, E, and overpotential for HER of UiO-66-NH, @ Pt@UiO-66-X involving the —X functional group with gradually
increasing electron-withdrawing ability.
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seen that redshift of the CO adsorption peak occurs to the UiO-
66-NH, @ Pt@UiO-66-X composites, gradually from 2085 cm™!
(—NO,) t0 2059 cm™! (~OCH,), supporting the increased Pt elec-
tron density along with improved electron-donating ability of —X
functional group (—NO, < —Cl < —Br < —H < —NA < —OCH,;)
(Figure 4Db),*) in accordance with the above XPS results.
The intrinsic proton reduction ability of Pt surface in the
composites was evaluated by electrochemical hydrogen evo-
lution reaction (HER) measurements. The value of overpo-
tential decreased along with increased Pt electron density,
which supports the above XPS and DRIFTS results, indicat-
ing that surface reaction efficiency (1;) presents an order of
—OCH; > —NA > —H > —Br > —Cl > —NO, (Figure 4c;
Figure S36, Supporting Information), in reverse correlation with
electron-withdrawing ability of the —X functional group. In ad-
dition, the density functional theory (DFT) calculations further
reveal that the Pt sites covered by —X groups with higher electron-
donating ability possess lower values of |AG;.| corresponding to
higher #,, which is consistent with the results of electrochemical
HER measurements (Figure 4c; Figures S37 and S38, Supporting
Information).

In combination with the results above, with gradually
increasing electron-withdrawing ability of the —X group
(—OCH; < —NA < —H < —Br < —Cl < —NO,), the charge
separation efficiency (n,) is improved, while the intrinsic proton
reduction efficiency (n;) of Pt is suppressed, as evaluated by the
E, and overpotential for HER (Figure 4d). Given the trade-off
effect between the charge separation efficiency (n,) and proton
reduction efficiency of Pt (n;), the —X group with too strong
electron-withdrawing or -donating ability on the shell MOF is
unfavorable for the resulting photocatalytic activity. Similar to
the Sabatier principle, it is reasonable that the photocatalytic
H, production rate presents a volcano-like profile along with
the electron-withdrawing/donating ability of the —X group
(Figure 4d). To our delight, by the mathematical simulation,
the volcano-like plot of n,,, can be visually presented (Figure
S39, Supporting Information), which is highly consistent with
the volcano-like activity trend in experiments (Figure 4d). The
UiO-66-NH, @ Pt@ UiO-66-H, featuring the moderate electron-
donating/withdrawing ability of the —H group, balances the
charge separation efficiency and the proton reduction ability of
Pt, resulting in the highest photocatalytic activity (Figure 4d).

3. Conclusion

A versatile epitaxial growth strategy has been developed for the
fabrication of sandwich-structured MOF@Pt@MOF compos-
ites, namely UiO-66-NH, @ Pt@UiO-66-X (X = —H, —Br, —NA,
—OCH,, —Cl, —NO,), featuring similar structure, shell thick-
ness, light harvesting ability and Ptloading, toward photocatalytic
H, production. The isoreticular UiO-X shell enables the modu-
lation of microenvironment properties of both Pt cocatalyst and
Ui0-66-NH, photosensitizer in UiO-66-NH, @ Pt@ UiO-66-X, by
simply altering the —X group without disturbing other structural
parameters. As a result, UiO-66-NH, @ Pt@ UiO-66-H presents
the highest H, production rate up to 2708.2 umol g! h7,
~222 and 2.7 times higher than UiO-66-NH,@Pt@ UiO-66-
NO, (with the most electron-withdrawing group) and UiO-
66-NH, @ Pt@UiO-66-OCH, (with the most electron-donating
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group). Mechanism analysis reveals that too strong electron-
donating ability of the —X group in the shell MOF will impede
charge separation of UiO-66-NH, core, while too stong electron-
withdrawing ability inhibits the proton reduction on Pt, leading
to a non-linear relevance between the resulting H, production
activity and the electron-withdrawing/-donating ability of the —X
group. The results unambiguously highlight the strong power
of microenvironment modulation by the shell MOF. Therefore,
UiO-66-NH, @ Pt@ UiO-66-H, with a moderate electron-push/-
pull effect on the linker, can balance the charge separation and
the Pt proton reduction ability, affording the optimal catalytic per-
formance. This work provides a new principle in the design of
efficient photocatalysts and sheds light on the dual regulation of
charge separation and reaction efficiency in photocatalysis by tai-
loring the microenvironment.
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