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Abstract: Interfacial electron transfer between cocatalyst and
photosensitizer is key in heterogeneous photocatalysis, yet the
underlying mechanism remains subtle and unclear. Surfactant
coated on the metal cocatalysts, greatly modulating the micro-
environment of catalytic sites, is largely ignored. Herein,
a series of Pt co-catalysts with modulated microenvironments,
including polyvinylpyrrolidone (PVP) capped Pt nanoparti-
cles (denoted as Ptpyp), Pt with partially removed PV P (Pt,pyp),
and clean Pt without PVP (Pt), were encapsulated into
a metal-organic framework (MOF), UiO-66-NH,, to afford
Ptpyp@UiO-66-NH,, Ptpyp@UiO-66-NH,, and Pt@UiO-66-
NH,, respectively, for photocatalytic hydrogen production. The
PVP appears to have a negative influence on the interfacial
electron transfer between Pt and the MOF. Compared with
Ptpy,p,@UiO-66-NH,, the removal of interfacial PVP improves
the sluggish kinetics of electron transfer, boosting photocata-
Iytic hydrogen production.

P hotocatalytic water splitting to hydrogen driven by solar
energy is deemed to be a green strategy to address global
energy and environmental issues.!) However, toward efficient
photocatalytic hydrogen production by water splitting, there
are currently significant challenges, for example, the weak
light harvesting capability, the high recombination rate of
photo-generated electron-hole (e-h) pairs, and insufficient
reaction sites, etc.”! Amongst them, the fast recombination of
charge carriers is recognized to be one of the decisive
factors.”®! To tackle this hurdle, the introduction of co-
catalysts has been widely accepted as an effective way to
suppress the recombination of photo-generated carriers.?!
Especially, Pt nanoparticles (NPs), with a large work function
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and low H, evolution overpotential, have been identified as
the most effective cocatalyst for H, production.”

Given that Pt NPs are catalytic sites, their sizes and
morphology have great influences on the resulting perfor-
mance, and the smaller Pt NPs usually give higher activity.”!
To control the Pt size and morphology, surfactant (e.g. PVP) is
always adopted and remained at the interface between Pt and
photosensitizer (support), which would create a particular
microenvironment around Pt NPs.P*® Therefore, regulating
the coverage of interfacial surfactant, which can modulate the
microenvironment surrounding catalytic sites, should be an
effective strategy to improve the interfacial electron transfer.
Unfortunately, the related investigation is largely overlooked.
In fact, upon removing the interfacial PVP, Pt NPs on
common supports (as photosensitizers) would be readily
aggregated, making it a significant challenge to obtain direct
control data with or without PVP. In this context, comparing
to traditional supports, crystalline porous materials have been
widely adopted as supports to stabilize and disperse metal
NPs, owing to the effect of pore confinement.[”” Therefore,
crystalline porous materials would be suitable and desirable
to encapsulate Pt NPs and avoid their agglomeration, even
without PVP protection.

As promising crystalline porous materials, metal-organic
frameworks (MOFs), constructed by metal ions/clusters and
organic linkers via coordination bonds, are suitable hosts to
encapsulate tiny metal NPs.>*!?) The Pt sites can be well
stabilized and accessible after being encapsulated into MOFs,
thanks to the porous structures. Furthermore, MOFs have
been well accepted as photosensitizers,'”) with Pt as a co-
catalyst to improve the charge separation.'"!! Therefore, the
encapsulation of Pt NPs into MOFs would be an ideal model
to investigate the surfactant influence on interfacial electron
transfer and corresponding activity in photocatalysis.

With this in mind, a representative MOF, UiO-66-NH,
(Zr,0,(OH),(BDC-NH,)s;, BDC-NH, =2-amino-1,4-benze-
nedicarboxylic acid), is chosen as it possesses regular mor-
phology, high stability, and visible-light responsive feature,
suitable for stabilizing dispersed Pt NPs.®®*! With this MOF
as a photosensitizer and support, PVP capped Pt NPs
(denoted as Ptpyp), Pt with partially removed PVP (Pt,pyp),
and clean Pt without PVP (Pt), with similar particle sizes (ca.
2.5 nm) and loadings (ca. 2.5 wt %), are incorporated, afford-
ing Ptpyp@UiO-66-NH,, Pty p@UiO-66-NH,, and Pt@UiO-
66-NH, nanocomposites, respectively (Scheme 1). Remark-
ably, the gradual removal of interfacial PVP gives rise to
increased electrical conductivity and benefits the electron
transfer between the MOF and Pt sites. As a result, Pt@UiO-
66-NH, greatly suppresses the electron-hole recombination,
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Scheme 1. lllustration of the synthetic strategies for different photo-
catalysts: a) Ptp,p@UiO-66-NH, and Pt,,,@UiO-66-NH,; b) Pt@UiO-
66-NH,, and Pt-Fc@UiO-66-NH,.

and hence brings about its much-enhanced activity compared
to Ptpyp@UiO-66-NH, and Pt p@UiO-66-NH,. Further-
more, introducing Ferrocene carboxylic acid (Fc) as the
electron mediator into Pt@UiO-66-NH, further improves the
charge separation, and the resultant Pt-Fc@UiO-66-NH,
presents the best photocatalytic performance. As far as we
know, this is the first report on investigating the influence of
interfacial microenvironment (surfactant) between photo-
sensitizer and cocatalyst in photocatalysis.

The Ptpyp NPs with uniform sizes of ca. 2.5nm are
synthesized based on the documented method (Figure S1 in
the Supporting Information).® The Ptyy, NPs are re-
dispersed in DMF with ZrCl, and BDC-NH, to afford
Pty p@UiO-66-NH, under solvothermal conditions. Powder
X-ray diffraction (XRD) patterns show the well-retained
MOF structure in the Ptpyp@UiO-66-NH, nanocomposite
(Figure S2). After being treated by the Meerwein’s salt
solution with different time lengths, PVP in Ptpy,@UiO-66-
NH, can be partially removed, yielding Pt ,@UiO-66-NH,
nanocomposite (the optimized and default treatment time is
9 h).l” The 'H-NMR signals manifest the existence of PVP in
Meerwein’s salt solution after Ptp,p@UiO-66-NH, is soaked,
supporting the removal of PVP from Pty NPs (Figure S3).
The diffuse reflectance infrared Fourier transform (DRIFT)
spectra of CO adsorption indicate that Ptpy,p@UiO-66-NH,
and Pt p@UiO-66-NH, present distinctly different adsorp-
tion behaviors, which are in accordance with the results of
Ptpvp and surface-clean Pt supported on the inert SiO,
substrate, demonstrating the above results (Figure S4).
Powder XRD patterns indicate that the retained MOF
structure after the treatment in Meerwein’s salt solution up
to 9-10 hours (Figure S5), and the removed PVP amount was
evaluated (Table S1). To guarantee the absolute absence of
PVP, Pt NPs with clean surface are incorporated into UiO-66-
NH,, during which the Pt precursors are dispersed in the
precursor solution of UiO-66-NH, and in situ reduced in H,
atmosphere to afford Pt@UiO-66-NH,. Powder XRD pat-
terns demonstrate the intact MOF crystallinity in Pt@UiO-66-
NH, (Figure S2). Nitrogen sorption isotherms of UiO-66-
NH,, Ptpyp@UiO-66-NH,, Pt pyp@UiO-66-NH,, and Pt@UiO-
66-NH, exhibit the typical type-I microporous isotherms, with
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the BET surface area of 993, 672, 808, and 729 m?g’,
respectively (Figure S6). The reduced surface areas of
Ptpyp@UiO-66-NH,, Pt p@UiO-66-NH,, and Pt@UiO-66-
NH, than UiO-66-NH, are reasonable and attributed to the Pt
incorporation. The slightly higher surface area of
Ptpyp@UiO-66-NH, than Pt;,,;@UiO-66-NH, supports that
PVP is removed in the former sample.

Scanning electron microscopy (SEM) observation shows
that all the nanocomposites are ca. 200 nm and in an
octahedral shape which is similar to that of the parent MOF
(Figure S7). Transmission electron microscopy (TEM) images
suggest that the incorporated Ptpyp Ptpyp and Pt NPs are
well-dispersed inside MOFs with comparable sizes of ca.
2.5 nm. To our delight, the sizes and shapes of both UiO-66-
NH,, and Pt NPs in Pty ,;@UiO-66-NH, are almost main-
tained after being treated in Meerwein’s salt solution
(Figure 1 and S8). The Pt loading amounts in these nano-
composites are similar (ca. 2.5 wt%; Table S2). UV/Vis
diffuse reflectance spectra of all these samples well inherit

Figure 1. TEM images of a) Ptp,,@UiO-66-NH,, b) Pt,p,,@UiO-66-
NH,, and c) Pt@UiO-66-NH,. d) High-resolution TEM image for the Pt
NPs in Pt@UiO-66-NH,. The lattice fringe with a spacing of 0.226 nm
is indexed to the Pt (111) plane.l"!

the MOF feature and give roughly the same profiles in the
range of 200-800 nm, indicating their comparable light
harvesting capability mainly caused by the MOF (Figure 2 a).
The band structure of UiO-66-NH, shows that it is suitable for
photocatalytic H, production (Figure S9).

To examine the charge separation efficiency, electro-
chemical impedance spectroscopy (EIS), photocurrent
response, and photoluminescence (PL) emission spectroscopy
have been examined. The radius of Nyquist plots follows
a trend of UiO-66-NH, > Pty ,;@UiO-66-NH, > Pt p,@UiO-
66-NH, > Pt@UiO-66-NH, (Figure 2b), revealing that the
existence of PVP disfavors the electrical conductivity and
causing charge transfer resistance. This argument is supported
by the photocurrent results, where the intensity order follows
UiO-66-NH, < Ptpyp@UiO-66-NH, < Pt p@UiO-66-NH, <
Pt@UiO-66-NH, (Figure 2c¢). Photoluminescence (PL) emis-
sion spectroscopy, which offers important information for
charge transfer and recombination, has further provided
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Figure 2. a) UV/Vis diffuse reflectance spectra, b) EIS Nyquist plots,
c) photocurrent responses, d) PL emission spectra (excited at 380 nm)
for UiO-66-NH,, Pteys@ UiO-66-NH,, Pt,p»s@ UiO-66-NH,, Pt@UiO-66-
NH,, and Pt-Fc@UiO-66-NH,.

supportive results (Figure 2d). Under 380 nm excitation, the
steady-state PL emission for UiO-66-NH, at ca. 455 nm arises
from direct e-h recombination at room temperature. The
emission intensity is significantly weakened when Pt NPs are
incorporated and is further suppressed when the interfacial
PVP is removed. These results corroborate each other that
the recombination of photo-generated e-h pairs is suppressed
and electron transfer is promoted by PVP removal.

To further improve electron transfer, Ferrocene carbox-
ylic acid (Fc) serving as the electron mediator is introduced to
the synthetic system, yielding Pt-Fc@UiO-66-NH, (Sche-
me 1b). The Fc remains intact after being introduced into
Pt@UiO-66-NH, as evidenced by 'HNMR spectra (Fig-
ure S10) and the retained MOF structure in Pt-Fc@UiO-66-
NH, can be supported by powder XRD pattern (Figure S2).
X-ray photoelectron spectroscopy (XPS) spectra show the
higher binding energy of Zr 3d;, after introducing Fc into
Pt@UiO-66-NH,, revealing the interaction between Fc and
Zr-oxo clusters (Figure S11).1Y! When Fc is replaced by
Ferrocene, only very few Ferrocene (Fe/Zr=0.0023) can be
introduced, supporting the coordination interaction between
Zr-oxo and Fc. Elemental mapping for a random slice of Pt-
Fc@UiO-66-NH, particles show the even dispersion of Fc in
the slice (Figure S12). All these results manifest that Fc is
introduced into the MOF and coordinated with Zr-oxo
clusters. Moreover, the addition of Fc does not affect the Pt
sizes and overall morphology of the catalyst (Figure S8 and
S13). As expected, upon introducing the electron mediator of
Fc, electron transfer efficiency is further improved. The Pt-
Fc@UiO-66-NH, displays the smallest radius, the strongest
photocurrent response, and the weakest PL emission intensity
among all investigated nanocomposites (Figure 2b-d). The
distinctly different optical and electrochemical properties
among the nanocomposites noted above imply the possibly
best photocatalytic activity of Pt-Fc@UiO-66-NH,.

© 2021 Wiley-VCH GmbH

the highest photocatalytic H, production rate of
514.8 umolg'h™" (Figure 3 a, Table S3). Moreover, the activ-
ity increase is almost linear along with suitably increased
amount of Pt-Fc@UiO-66-NH, catalyst in the reaction system
(Figure S15). As a control, Fc@UiO-66-NH, cannot generate
H,, hinting Pt is active site. In sharp contrast, when Fc is
directly decorated on the external surface of Pt@UiO-66-
NH,, the obtained Pt@UiO-66-NH,/Fc could well retain
MOF structure (Figure S16), and presents much reduced H,
production rate (102.6 umolg~"h~"), which might be ascribed
to the steric hindrance of Fc preventing its encapsulation
within UiO-66-NH, and the electron transfer from the MOF
mainly to Fc instead of Pt.™ The role of Fc in the photo-
catalytic H, production reaction is further decoded by in situ
electron spin resonance (ESR). Both ESR and XPS results
indicate that the Fe species in Fc is partially oxidized upon
incorporating Fc to afford Pt-Fc@UiO-66-NH, (Figure S17
and S18).

o
-
o
=1
t=1

—a—Ui0-66-NH,
—o— Pt @UI0-66-NH,
800 | Pter@Ui0-66-NH,

—v—Pt@UIO-66-NH,
—+— Pt-Fc@UI0-66-NH,
600
/

NN

H, production (umol/g)
H, production (umol/g/h) o

'\5\\

0.0 05 10 15 20
Time (h)

Figure 3. a) Photocatalytic hydrogen production of UiO-66-NH,,
Ptoye@UiO-66-NH,, Pt,op@UiO-66-NH,, Pt@UiO-66-NH,, and Pt-
Fc@UiO-66-NH, along with time. b) Recycling performance of Pt-
Fc@UiO-66-NH,.

Further recycling experiments for Pt-Fc@UiO-66-NH,
suggest that no noticeable degradation can be observed in
the hydrogen production rate during the eight consecutive
catalytic runs (Figure 3b), indicating its high stability. The
structural integrity and crystallinity, as well as Pt size and
dispersion of Pt-Fc@UiO-66-NH, are maintained after the
reaction, as indicated by powder XRD pattern and TEM data
(Figure S19), thanks to the great confinement effect by the
stable MOF structure.
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Figure 4. a) lllustration showing electron migration path in the photo-
catalytic H, production of Pt-Fc@UiO-66-NH,. b) ESR spectra (under
visible-light irradiation for 90 s) and c) time-resolved PL spectra
(hee=380 nm, Ao =455 nm) for UiO-66-NH,, Ptpys@UiO-66-NH,,

Pt e @ UiO-66-NH,, Pt@UiO-66-NH,, and Pt-Fc@UiO-66-NH,.

The aforementioned ESR spectra clearly conclude that Fc
behaves as an effective electron relay mediator via the
conversion of Fe**/Fe’* in Pt-Fc@UiO-66-NH,, as described
in Figure 4 a. To get further insight into the mechanism behind
the tailored photocatalytic H, production, ESR in conjunc-
tion with time-resolved PL spectroscopy have been conducted
to the charge transfer process. All photocatalysts show
a strong ESR peak at g=2.0023 under illumination, which
is ascribed to the oxygen-centered active sites in Zr-oxo
clusters generated by link-to-cluster electron transfer (LCCT)
(Figure 4b)."l The ESR signal intensity follows the order of
UiO-66-NH, < Ptpyp@UiO-66-NH, < Pt pyp@UiO-66-NH, <
Pt@UiO-66-NH, < Pt-Fc@UiO-66-NH,, in accordance with
the trend of electron transfer (Figure 2b-d). The stronger
intensity of ESR signal could be attributed to the faster speed
of photoinduced electron transfer.”¥ Furthermore, the fitting
of time-resolved PL spectra determines the PL lifetimes to be
10.59 ns (UiO-66-NH,), 2.93 ns (Ptpyp@UiO-66-NH,), 2.37 ns
(Pt,pyp@Ui0O-66-NH,), 2.06 ns (Pt@UiO-66-NH,), and 0.96 ns
(Pt-Fc@UiO-66-NH,), respectively (Figure 4¢). The shorter
PL lifetime means more effective e-h separation. Getting all
above results together, it is unambiguously proved that the
removal of PVP and introduction of Fc are able to suppress
the e-h recombination and accelerate the sluggish kinetics of
electron transfer, leading to enhanced photocatalytic activity.

In summary, the UiO-66-NH, incorporating uniform Pt
NPs has been adopted as an ideal platform to investigate the
influence of interfacial microenvironment modulation (by
PVP removal on the Pt) on electron transfer and correspond-
ing photocatalysis. Though similar Pt sizes and loading
contents, the MOF encapsulating the Pt capped with PVP,
Pt with partially removed PVP, or Pt without interfacial PVP
exhibit distinctly different electron transfer kinetics. The
surface-clean Pt is favorable for interfacial electron transfer.
Accordingly, Pt@UiO-66-NH, offers enhanced activity, supe-
rior to Pty p@UiO-66-NH,, followed by Pty ,@UiO-66-NH,
and the nearly inactive UiO-66-NH,, in the photocatalytic H,
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10000 1= YT production. Along this way of thinking, electron transfer
. \ iy efficiency is further promoted by introducing an electron
G 10004} | mediator of Fc into Pt@UiO-66-NH,, giving rise to the best

activity of Pt-Fc@UiO-66-NH,. This study, for the first time,
not only enables deep insights into the influence of interfacial
surfactant between the photosensitizer and cocatalyst on
electron transfer kinetics and related activity, but also
provides significant inspirations on microenvironment mod-
ulation of catalytic centers for photocatalysis.
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