ROYAL SOCIETY

OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Polyoxometalate-based metal-organic framework
e tis: Costtnacomm 201520, LO@AEd With an ultra-low amount of Pt as an
5387 efficient electrocatalyst for hydrogen productionf
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The development of highly active and stable electrocatalysts for HER has been received extensive attention.
Among these, minimizing the Pt usage and promoting its utilization efficiency are essential prerequisites for
a future hydrogen economy. Herein, we use a new g-Keggin-type polyoxometalate-based metal-organic
framework Hs[Zn4(bimb),][PMoYgMo"' 40 40l-12H,O (POMOF-1) as a support to load a low amount of
ultrasmall Pt nanoparticles (NPs), and then mix this material with Ketjenblack carbon (KB) to form a new
composite catalyst (Pt@POMOF-1/KB). This composite catalyst shows a low Pt loading amount of 0.43 wt%
and the average size of the Pt NPs is 1.5 nm. Pt@POMOF-1/KB exhibits a remarkable HER performance in
0.5 M H,SO,. It only requires an overpotential to of 23 mV to observe a current density of 10 mA cm™2,
which is superior to that of 20% Pt/C. The mass activity of Pt@POMOF-1/KB is almost 100 and 37 times that
of 20% Pt/C at overpotentials of 50 and 100 mV, respectively, as a consequence of the very low noble-
metal loading. This result may provide an approach to meet the cost requirements for large-scale
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1 Introduction

With environmental degradation and the depletion of carbon-
based fuels, exploring an environmentally friendly energy
source to replace conventional fuels has become more and
more pressing.'” Hydrogen (H,) is considered as an alterna-
tive to fossil fuels due to its high energy density, renewability
and environmental-friendliness. To obtain H,, water electroly-
sis has attracted considerable attention due to its stable out-
put, high energy conversion efficiency and product purity.*™®
Currently, platinum (Pt)-based materials are regarded as the
most effective and catalytically stable electrocatalysts for the
hydrogen evolution reaction (HER).””® However, the high cost
and low abundance of Pt oblige us to reduce the dosage of Pt
while retaining high HER activity. Thus, exploring facile path-
ways to achieve this purpose has become highly desirable.
Nowadays, researchers have identified two main strategies
to allay the exorbitant cost of Pt by either superseding or re-
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ducing Pt consumption while realizing sustainable H, pro-
duction. Recently, the development of electrocatalysts based
on transition metals (such as Fe, Ni, Co, Mo and W and their
derivatives) have become universal methods for replacing Pt-
based noble metal electrocatalysts.” > Although considerable
efforts have been made, the cycling stability and poor
electronic conductivity of these catalysts still impede their
practical application for commercial device fabrication and
the future hydrogen economy.'®'” Hence, developing a tech-
nology which can remarkably minimize the Pt use and in par-
allel enhance its exploitation efficiency are key factors for the
practical application of hydrogen energy. One strategy is to
use supports to disperse Pt nanoparticles (NPs) for minimal
yet effective utilization."®* Up to now, mostly metal oxide
supports have been employed to immobilize Pt catalyst, but
such metal oxide supports suffer from low surface area and
insufficient interaction with Pt atoms, which hinder their ap-
plication for catalyzing electrochemical reactions.>*° An
ideal support should possess large surface area and strong
interaction with Pt along with good electro-conductivity.
Polyoxometalate-based metal-organic frameworks
(POMOFs), combining the large surface area of MOFs and
unique advantages of POMs have been regarded as promising
supports in many fields, such as biomass detection and
catalysis.’* ' Among them, POMs, especially highly reduced
POMs, possessing high negative charges, controllable redox
potentials and modifiable oxygen-rich surfaces, have been

CrystEngComm, 2018, 20, 5387-5394 | 5387


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ce01151f&domain=pdf&date_stamp=2018-09-13
http://orcid.org/0000-0002-5952-5077
http://orcid.org/0000-0002-9696-8192
https://doi.org/10.1039/c8ce01151f
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE020036

Published on 13 August 2018. Downloaded on 9/25/2024 1:20:31 AM.

Paper

proved to be a potentially promising electrocatalysts toward
HER.*> More importantly, these highly reduced POMs show
strong interaction with Pt atoms, which make them a promis-
ing supports to anchor ultra-small Pt nanoparticles.**> The
high surface area and abundant porous channels of MOFs
can not only realize the high dispersion of POMs, protecting
them from leaching, but also can induce a confinement ef-
fect to prevent the Pt nanoparticles from overgrowth and ag-
gregation. Thus, the highly reduced POM-based MOFs can be
promising carriers for the decrease of Pt usage and promo-
tion of HER activity. Moreover, if these Pt-loaded POMOFs
are further combined with electro-conductive carbon mate-
rials such as carbon nanotubes (CNTs), graphene or
Ketjenblack carbon (KB), the as-prepared composite electro-
catalysts will further enhance the electron-conductivity and
stability.***° Taking into account the above considerations,
we have prepared a new type of POMOF based on highly re-
duced e-Keggin-type POM units, Hz[Zn,(bimb),][PMo'sMo"",-
040]-12H,0 (POMOF-1). Utilizing an adsorption and light-
reduction method, ultra-small Pt NPs were loaded on the
POMOF-1. Then, Pt@POMOF-1 was mixed with KB to form a
final composite material (Pt@POMOF-1/KB) as a new type of
HER electrocatalyst. The optimized loading of Pt in
Pt@POMOF-1/KB is 0.43 wt% and the average size of Pt nano-
particles is 1.5 nm. In 0.5 M H,SO,, Pt@POMOF-1/KB catalyst
requires an overpotential of only 23 mV to reach a current
density of 10 mA cm >, which is superior to that of 20% Pt/C.
The mass activity of Pt@POMOF-1/KB is almost 100 and 37
times that of 20% Pt/C at overpotentials of 50 and 100 mV re-
spectively, as a consequence of the very low noble-metal
loading.

2 Results and discussion
2.1 Synthesis and crystal structure of POMOF-1

POMOF-1 was hydrothermally synthesized from an aqueous
mixture of [NH,]¢[Mo0,0,,]-4H,0, Mo powder, H;PO,, ZnCl,,
1,4-bis(1-imidazolyl)benzene (bimb) and Bu,N(OH) at 180 °C
for 120 h. Single-crystal X-ray diffraction analysis revealed
that POMOF-1 crystallizes in the tetragonal crystal system
with I4,/amd space group. The crystallographically asymmet-
ric unit comprised one &-Keggin-type POM [Zn,PMo"sMo"" ;-
040]’” unit and four bimb organic bridging ligands, which are
linked together through four capped Zn** ions on the POM
surface (Fig. S1t1). The whole compound was charge-balanced
by three extra protons, which were most probably located on
lattice water molecules, rather than on the surface O sites of
the POM units, based on BVS calculations and the XPS spec-
trum (Table S1 and Fig. S21). All the Zn" centers display a
tetra-coordinated mode, surrounded by one nitrogen atom
originating from one bimb ligand and three oxygen atoms de-
rived from one POM unit (Fig. S1f). The Zn-N/O bond
lengths were within the range 1.956(9)-1.99(12) A, while the
N/O-Zn-O/N bond angles were within the range 101.2(5)-
115.8(5)° (Table S2t). In POMOF-1, the adjacent
[Zn,PM0"gM0"",04,°" units are connected by bimb bridging
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Fig. 1 (a) Polyhedral and ball-and-stick representations of the
diamond-like fragment in POMOF-1; (b) schematic view of the
diamond-like framework in POMOF-1; (c) schematic view of the five-
fold interpenetrated diamond-like framework in POMOF-1.

ligands, forming a 3D framework with a diamond topology
(Fig. 1). It is worth noting that there are five-interpenetration
nets in POMOF-1 (Fig. S3 and S4f). As shown in Fig. 1, the
window size of the diamond-like framework units is 36.20 x
25.52 A, which allow four other identical frameworks to inter-
penetrate it in a parallel fashion, resulting in 5-fold interpen-
etrating networks, which is rarely reported in POMOF struc-
tures. Notably, this 5-fold interpenetrating diamond-like
framework contains 1D channels with a window size of 9.5 x
9.5 A along the ¢ axis (Fig. 2 and S5-S7t). The solvent-
accessible void in POMOF-1 is 41.9% calculated by using the
PLATON program.*’

Moreover, POMOF-1 exhibits good stability and insolubil-
ity in common organic solvents, such as ethanol, methanol
and isopropanol (Fig. S8at). Remarkably, POMOF-1 is also
stable in acidic solution in the pH range of 0-7 at room tem-
perature, as confirmed by subsequent XRD measurements
(Fig. s8bt). The good solvent and pH stability implies that
POMOF-1 can be a good support for further experiments.

2.2 Preparation and characterization of Pt@POMOF-1/KB

Since e-Keggin-type [Zn,PMo"sMo""40,,]>” unit is in a highly
reduced form, noble metal ions can be easily adsorbed
around the highly-reduced POM species and in situ reduced
into the corresponding metal nanocomposites upon irradia-
tion.*"**> Combining the advantages of the open framework
with a 1D channel system, good stability and highly-reduced
POM species, POMOF-1 can be a highly suitable carrier to im-
mobilize noble metal nanoparticles, such as Pt. Considering
the electro-conductivity of composite materials as electro-
catalysts, Ketjenblack (KB), a highly conductive carbon black,
was introduced into the system. Based on the above consider-
ations, Pt@POMOF-1/KB composite material was fabricated

This journal is © The Royal Society of Chemistry 2018
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(b)
Fig. 2 (a) Ball-and-stick and polyhedral view of the 3D diamond-like
framework of POMOF-1 with 1D channels viewed along the c axis; (b)
the channel along [001] direction in POMOF-1. The solvent accessible
voids are modeled with pink background.
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Scheme 1 Schematic view of the brief preparation procedure of
Pt@POMOF-1/KB composite material.

by a simple three-step method (Scheme 1). In the typical syn-
thesis process, immersion of as-synthesized POMOF-1 in
H,PtCl; (1 mg ml™) aqueous solution at ambient temperature
afforded Pt-adsorbed POMOF-1 precursor which was then dis-
persed in isopropanol solution. After illumination with UV
light for 30 min, Pt ions were in situ reduced into Pt nano-
particles (NPs) and confined around the POM units, resulting
in Pt@POMOF-1. Subsequently, KB and Pt@POMOF-1 were
dispersed in ethanol and sonicated for 120 min, generating
the final Pt@POMOF-1/KB composite material.

This journal is © The Royal Society of Chemistry 2018
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The morphology and structure of POMOF-1 and
Pt@POMOF-1/KB were analyzed by SEM and TEM images
(Fig. 3). As shown in Fig. 3a, POMOF-1 has a nano-octahedral
shape with average size of 100 nm. The SEM and TEM images
demonstrate that Pt@POMOF-1/KB inherits the octahedral
morphology of POMOF-1, where the octahedral nanocrystals
are surrounded by KB nanospheres (Fig. 3b and c), which en-
hance the electro-conductivity. High-resolution TEM images
of Pt@POMOF-1/KB demonstrate that the Pt particles are uni-
formly distributed in POMOF-1 and the average size of Pt NPs
is ca. 1.5 nm (Fig. 3d and Fig. S9t). EDX element mapping
confirms the uniform distribution of Zn, Mo, C, N, O, P and
Pt elements in Pt@POMOF-1/KB (Fig. 3e-j).

X-Ray powder diffraction patterns (XRD) of POMOF-1 and
Pt@POMOF-1/KB are shown in Fig. 4a, in which it is seen
that the characteristic peaks of POMOF-1 are retained in the
composite, revealing that the loading of Pt and following
illumination-reduction process did not affect the crystal
structure of POMOF-1. Notably, the XRD peak of Pt metal is
not observed, possibly due to the trace amount of Pt NPs in
the composite. Moreover, Pt@POMOF-1/KB is also stable in

Fig. 3 (a) SEM images of POMOF-1 (inset: the particle size distribution
of POMOF-1); (b) SEM images of Pt@POMOF-1/KB; (c) TEM images of
Pt@POMOF-1/KB; (d) HRTEM images of Pt@POMOF-1/KB; the Pt NPs
are highlighted by circles (inset: the particle size distribution of Pt
NPs); (ej) corresponding elemental mapping of C, O, Zn, Mo and Pt of
Pt@POMOF-1/KB.
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Fig. 4 (a) Powder X-ray diffraction patterns of POMOF-1 and
Pt@POMOF-1/KB; (b) XPS survey spectrum of Pt@POMOF-1/KB; (c)
high-resolution XPS spectrum for Pt4f; (d) high-resolution XPS spec-
trum for Mo 3d.

acidic and neutral aqueous solutions at room temperature
(Fig. S101). ICP analysis shows that the Pt content in
Pt@POMOF-1/KB is 0.43 wt% (Table S3+).

To further characterize the structure and valence of the
Pt@POMOF-1/KB, X-ray photoelectron spectroscopy (XPS)
analyses were carried out. Fig. 4b reveals the full XPS survey
spectrum of Pt@POMOF-1/KB, which confirms the presence
of Zn, Mo, C, N, O, P and Pt elements. The high-resolution
XPS spectra for Pt4f can be deconvoluted into four peaks as
shown in Fig. 4c. The peaks at 71.3 and 74.6 eV are attributed
to Pt4f;, and Pt4fs,, species, respectively. The binding ener-
gies at 72.8 and 76.1 eV are assigned to Pt-Ot4f,, and Pt-O
4f;),, respectively. The high-resolution XPS spectrum for Mo
3d is shown in Fig. 4d. The peaks at 231.2 and 234.4 eV corre-
spond to Mo" 3ds, and Mo" 3d;,, respectively. The peaks lo-
cated at 232.3 and 235.5 eV are assigned to Mo"'3d;), and
Mo""3d;,, respectively. This result implies that the structure
and valence states of POMOF-1 are retained. The above char-
acterization confirms that POMOF-1 has successfully been
loaded with Pt NPs. The Brunauer-Emmett-Teller (BET) sur-
face area of Pt@POMOF-1/KB was 826 m”> g ' (Fig. S117),
which is reduced somewhat relative to KB (1400 m> g™*). The
N, sorption isotherm exhibits a hysteresis loop, revealing that
Pt@POMOF-1/KB has a mesoporous structure, which can ex-
pose more active sites, further promoting the HER
performance.

2.3 Electrocatalytic HER performance of Pt@POMOF-1/KB

The HER performance of Pt@POMOF-1/KB was evaluated by
using a convenient three-electrode system under acidic condi-
tions (0.5 M H,SO,). HER polarization curves of different
samples were collected from linear sweep voltammetry (LSV)
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measurements at a sweep rate of 5 mV s '. The loading of
Pt@POMOF-1/KB and reference samples was 0.849 mg cm .
As shown in Fig. 5a, the HER activities of POMOF-1, KB and
POMOF-1/KB are poor. However, impressively, the
Pt@POMOF-1/KB catalyst only requires small overpotentials
of 23 and 88 mV to achieve current densities of 10 and 50 mA
cm ™2, which are comparable to that of 20% Pt/C (50 and 98
mvV), and even superior to other reported Pt electrocatalysts
(Table S4t) which notably show much higher Pt-loadings of
3-5%, whereas the loading amount of Pt in Pt@POMOF-1/KB
is as low as 0.43 wt%. Satisfyingly, the mass activity of
Pt@POMOF-1/KB is 100 and 37 times higher than that of
commercial 20% Pt/C at overpotentials of 50 and 100 mV
(Fig. 5b) as a consequence of the low loading of Pt. This re-
sult clearly demonstrates that the good catalytic performance
of Pt@POMOF-1/KB can result despite a significantly low
noble-metal loading and therefore may meet the cost require-
ments for large-scale applications. The Faradaic efficiency of
Pt@POMOF/KB was measured to be 99% toward HER in 0.5
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Fig. 5 (a) Polarization curves of Pt@POMOF-1/KB, along with
POMOF-1, POMOF-1/KB, KB and Pt/C; (b) the mass activity of
Pt@POMOF-1/KB and Pt/C; (c) polarization curves of Pt@POMOF-1/KB
with different irradiation times (15, 30 and 60 min); (d) polarization
curves of Pt@POMOF-1/KB with different Pt loading amounts (0.43,
0.21 and 0.11 wt%); (e) comparison of the CV curves of Pt@POMOF-1/
KB-30 and POMOF-1/KB at 30 mV s within the same potential
region. Linear fitting of Aj of both samples (Aj = j, - j.) vs. scan rates at
a given potential of +0.37 V vs. RHE. j, is the anodic current density
and j. is the cathodic current density, respectively. (f) Nyquist plots of
Pt@POMOF-1/KB-30 and POMOF-1/KB at an overpotential of 240 mV.
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M H,S0,, showing the favorable HER performance (Fig.
S127).

To further understand the superior HER performance of
Pt@POMOF-1/KB, we investigate the effect of illumination
time on the electrocatalytic performance. Pt@POMOF-1/KB
was generally illuminated for 30 min and denoted as
Pt@POMOF-1/KB-30. Two other catalysts with different illu-
mination time were also prepared (15 min denoted as
Pt@POMOF-1/KB-15 and 60 min denoted as Pt@POMOF-1/
KB-60) (Fig. S13-S177). As indicated in Fig. 5c, when the illu-
mination time is increased to 60 min, the HER activity of
Pt@POMOF-1/KB-60 obviously becomes worse and the
overpotential for a current density of 10 mA ¢cm increases
from 23 to 294 mV, which could be related to the overgrowth
of Pt NPs because of the over-reduction of Pt ions (Table S5
and Fig. S171). Pt@POMOF-1/KB-15 also displays an inferior
activity in comparison to Pt@POMOF-1/KB-30. This result
may be due to the insufficient reduction of Pt (Table S6 and
Fig. $13-S157), which can be observed from the Pt XPS spec-
trum. Moreover, an increase of the concentration of Pt from
0.43% to 0.81 wt% (Table S7t) for the precursor also leads to
a decrease of HER activity, which stems from the apparent
aggregation of Pt NPs (Fig. S187). A lower concentration of Pt
(0.21 wt%, Table S8t) in the precursor also leads to poor
HER catalytic activity due to the extremely low amount of Pt
loading.

In order to elucidate the origin of the HER ability, the
electrochemically active surface area (ECSA) and electro-
chemical impedance spectroscopy (EIS) were assessed. As
depicted in Fig. 5e, Pt@POMOF-1/KB-30 possesses a CV loop
with a larger area at a scan rate of 30 mV s™' than that of
POMOF-1/KB, demonstrating that Pt@POMOF-1/KB-30 has a
higher double-layer capacitance (Cdl) and a larger active sur-
face area than those of POMOF-1/KB. Furthermore, the
electrochemical  double-layer  capacitance  (Cdl)  of
Pt@POMOF-1/KB-30 was evaluated to be 43.28 mF cm 2,
which is also higher than that of Pt@POMOF-1/KB-15 (7.58
mF cm’) and Pt@POMOF-1/KB-60 (3.40 mF c¢m™?), implying
the high activity of Pt@POMOF-1/KB-30 (Fig. S19t). Electro-
chemical impedance spectroscopy (EIS) has also been carried
out to better understand the catalytic activity. As indicated in
Fig. 5f, the Nyquist plot of Pt@POMOF-1/KB-30 exhibits two
semicircles, which are fitted to a classical two-time-constant
circuit (Fig. S20t). Based on the fitting results, the charge-
transfer resistance value (R.) decreases rapidly as the
overpotential increases. Furthermore, the R, value of
Pt@POMOF-1/KB-30 (30 Q) is much smaller than that of
POMOF-1/KB under the same conditions, implying fast
electron transport ability of Pt@POMOF-1/KB-30, which pro-
motes the HER performance (Fig. S217).

To uncover the HER mechanism, the linear portions of the
Tafel plots were fitted to the Tafel equation (y = blogj + a,
where b is the Tafel slope and j is current density) to acquire
the Tafel slopes. As shown in Fig. S22,i the Tafel slope of
Pt@POMOF-1/KB-30 was 71.29 mV dec ', which is lower than
that of Pt@POMOF-1/KB-15 (128.43 mV dec ') and
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Fig. 6 (a) Polarization curves of Pt@POMOF-1/KB-30 initially and after
1000 cycles at 0.5 M H,SO4; (b) time-dependent current density curve
of Pt@POMOF-1/KB-30 at overpotential of 50 mV.

Pt@POMOF-1/KB-60 (195.51 mV dec '), suggesting fast HER
kinetics of Pt@POMOF-1/KB-30. Moreover, on the basis of the
Tafel slope range, the hydrogen evolution process occurring
on Pt@POMOF-1/KB-30 is via the Volmer-Heyrovsky route, in
which the rate-determining step is the release of molecular
hydrogen.*?

As an important criterion for HER, the long-term durabil-
ity has been investigated. As shown in Fig. 6, after 1000 cycles
continuous cyclic voltammetry sweeps between +0.2 V and
-0.2 V, the polarization curve for Pt@POMOF-1/KB-30 ex-
hibits little loss at a current density of 20 mA cm™>. Further-
more, the amperometric i-t curve shown in Fig. 6 also dem-
onstrates that the current density of Pt@POMOF-1/KB-30
displays little decrease after continuous working for 12 h.
These results suggest that Pt@POMOF-1/KB-30 possesses
good stability in a long-term electrochemical process. Addi-
tionally, the XRD pattern and TEM images indicate that the
structure of Pt@POMOF-1/KB-30 shows no obvious changes
after 1000 cycle sweeps in 0.5 M H,SO,4, which may be attrib-
uted to the confinement effect of POMOF-1 and interaction
between POMOF-1 and Pt NPs (Fig. S23 and S247).

Overall, the above measurements confirm the excellent
HER performance of Pt@POMOF-1/KB-30 as a low-Pt electro-
catalyst. Such remarkable HER performance can be ascribed
to the following aspects: (i) the highly reduced POM species
in porous POMOF-1 provide an ideal confined space for the
adsorption and in situ reduction of Pt ions, resulting in the
formation of ultra-small Pt NPs; (ii) the highly reduced POM
species endow the whole material with good capability to
store H' and electrons, which may facilitate the transfer of
protons and electrons; (iii) the interaction between POM spe-
cies and Pt NPs enhances the stability of Pt@POMOF-1/KB
composite; (iv) the high dispersion of ultra-small Pt nano-
particles enhances the surface area of Pt, which greatly in-
creases the access to active sites of the catalyst.

3 Conclusions

In summary, a new hybrid of low-Pt-loading POMOF and KB
carbon (Pt@POMOF-1/KB) have been fabricated. In this hy-
brid material, the average size of Pt NPs is ca. 1.5 nm and the
Pt loading amount is only 0.43 wt%. In 0.5 M H,SO,,
Pt@POMOF-1/KB only requires an overpotential of 23 mV to

CrystEngComm, 2018, 20, 5387-5394 | 5391
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reach a current density of 10 mA ¢cm 2, which is superior to
that of 20% Pt/C. The mass activity of Pt@POMOF-1/KB is al-
most 100 and 37 times more than that of 20% Pt/C at
overpotentials of 50 and 100 mV, as a consequence of the low
noble-metal loading and therefore may meet the cost require-
ments for large-scale applications. This work provides a
promising approach to minimize the Pt usage and promote
its utilization efficiency in HER.

4 Experimental section
4.1 Materials and methods

All commercially available reagents for syntheses were used
without further purification. H,PtCls-6H,0O was purchased
from Shanghai Civi Chemical Technology. H;PO, was pur-
chased from Beijing Chemical Works. ZnCl, and
(NH,)6M0,0,,4-4H,0 were purchased from Shanghai Macklin
Biochemical. 1,4-Bis(1-imidazolyl)benzene (bimb) was pur-
chased from Jinan Henghua Technology. Mo powder was pur-
chased from Aladdin. Nafion solution (5 wt%) was purchased
from Alfa Aesar. The water used throughout all experiments
was purified through a Millipore system.

4.2 Synthesis of POMOF-1

In a typical preparation of POMOF-1, (NH,)¢M0,0,,4-4H,0
(0.309 g, 0.25 mmol), Mo (0.030 g, 0.31 mmol), H;PO, (10 puL,
0.147 mmol), ZnCl, (0.068 g, 0.5 mmol), 25 wt% [Bu,N]JOH
(200 pL) and bimb ligand (0.010 g, 0.048 mmol) were
dissolved in 8 ml deionized water at room temp. under mag-
netic stirring for 30 min. The solution pH was adjusted to 5-
6 with 1 M NaOH. Then the as-prepared solution was trans-
ferred to a hydrothermal synthesis reactor and heated at 180
°C for 120 h. The reactor was then cooled to room tempera-
ture at a rate of 10 °C h™" until it reached room temperature.
POMOF-1 was obtained as black octahedral crystals (11.2

mg).

4.3 Preparation of Pt@POMOF-1/KB-30

In a typical preparation step, 60 mg KB was added into 20 ml
ethanol and kept under ultrasonication for 60 min. 20 mg of
POMOF-1 was dispersed in 5 ml of 0.1 wt% H,PtCl, solution.
Then the as-prepared mixture was centrifuged at 8000 rpm
for 5 min. The obtained black materials were added into iso-
propanol and stirred strongly under irradiation with a 500 W
Xe lamp for 30 min. Then, Pt@POMOF-1 was separated from
solution by centrifugation at 8000 rpm and cleaned with de-
ionized water and ethanol for three times. Then Pt@POMOF-
1 was added to the above ethanol solution containing 60
mg KB and sonicated for 120 min. The solution was then
centrifuged at 9000 rpm for 8 min, and the resulting
Pt@POMOF-1/KB composite material was dried in a vacuum
drying oven.
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4.4 Preparation of Pt@POMOF-1/KB-15 and Pt@POMOF-1/KB-
60

The preparation method is the same as for Pt@POMOF-1/KB-
30 except that the illumination times were 15 and 60 min,
respectively.

4.5 Preparation of Pt@POMOF-1/KB-0.21 wt% and
Pt@POMOF-1/KB-0.81 wt%

The preparation method is same as for Pt@POMOF-1/KB-30
with a Pt content of 0.43 wt% except that the concentrations
of H,PtCls used were 0.2 and 0.05 wt%, respectively.

4.6 Preparation of working electrodes

1 mg Pt@POMOF-1/KB was dispersed in 100 pL of 0.5 wt%
Nafion solution. After ultrasonication for 60 min, 6 uL of the
homogeneous ink was drop-casted onto a glassy carbon
electrode (GCE) with a diameter of 3 mm. The loading of cat-
alyst is about 0.849 mg cm™>. The electrode was dried in air
at room temperature.

4.7 Electrochemical test

The HER performance of samples was evaluated by a conven-
tional three-electrode system under acidic conditions (0.5 M
H,S0,). The glassy carbon electrode (GCE, d = 3 mm) served
as a working electrode. A saturated calomel electrode (SCE)
was used as the reference electrode, and a graphite rod
served as the counter electrode.

4.8 X-Ray crystallography

Crystal data and structural refinement for POMOF-1 are listed
in Table 1. Selected bond lengths and angles of POMOF-1 are
listed in Table S2.}

Table 1 Crystal data and structure refinement for POMOF-1

Compound 1
Formula CysH10MO0,,4N;050P>Zng
M, 5008.42
T/K 293(2)
Crystal system Tetragonal
Space group 14,/amd
alA 27.560(4)
b/A 27.560(4)
c/A 12.012(2)
al® 90

pre 90

e 90

VIA® 9124(3)
VA 2
p/mm™ 2.700
F(000) 4716.0
Reflections 32676
Rint 0.1198
GOF 1.035
Ry [1 > 26(1)] 0.0669
WR," (all data) 0.1782

@ Ry =3 |[Fo| = |Fe|11221Fo - " wR, = S w(E,” - Fcz)z]/Z[w(Foz)Z]l/z-
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