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ABSTRACT: Two novel polyoxometalate (POM)-based metal—
organic frameworks (MOFs), [TBA];[e-
PMo"sMo"",054(OH),Zn,][BTB],/;-xGuest (NENU-500, BTB =
benzene tribenzoate, TBA* = tetrabutylammonium ion) and
[TBA];[e-PMo¥sMo",0;,(OH),Zn,][BPT] (NENU-501, BPT =
[1,1'-biphenyl]-3,4’,S-tricarboxylate), were isolated. In these com-
pounds, the POM fragments serving as nodes were directly
connected with organic ligands giving rise to three-dimensional
(3D) open frameworks. The two anionic frameworks were balanced
by TBA" ions residing inside the open channels. They exhibit not
only good stability in air but also tolerance to acidic and basic
media. Furthermore, they were employed as electrocatalysts for the
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hydrogen evolution reaction (HER) owing to the combination of the redox activity of a POM unit and the porosity of a MOF.
Meanwhile, the HER activities of £(trim),/;, NENU-S, and HKUST-1 were also studied for comparison. Remarkably, as a 3D
hydrogen-evolving cathode operating in acidic electrolytes, NENU-500 exhibits the highest activity among all MOF materials. It

shows an onset overpotential of 180 mV and a Tafel slope of 96 mV-dec™

!, and the catalytic current density can approach 10 mA-

cm™ at an overpotential of 237 mV. Moreover, NENU-500 and NENU-501 maintain their electrocatalytic activities after 2000

cycles.

B INTRODUCTION

Hydrogen is a potential clean and renewable alternative for
fossil fuels in the future." Electrocatalytic reduction of water to
molecular hydrogen via hydrogen evolution reaction (HER)
may provide a simple but efficient solution to future energy
demands. To attain high current density at low overpotential
for practical applications, the HER always requires efficient
electrocatalysts owing to the multielectron nature of
dihydrogen generation through proton reduction.” Pioneering
studies have demonstrated that Pt-group metals are currently
the best HER catalysts,> however, their widespread practical
utilization has been hampered by the prohibitive cost and low
abundance of these precious metals. As a consequence, the
exploitation of inexpensive and effective catalysts is highly
desirable to viable water electrolytic systems. In addition, the
strongly acidic media in proton-exchange membrane (PEM)
technology needs acid-stable catalysts for PEM-based elec-
trolysis units.* Tremendous efforts have thus been devoted to
developing acid-stable non-noble-metal catalysts to improve
their HER activity, and encouraging progress has been achieved
in the past few years.
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One of the exciting families of such catalysts, molybdenum-
based materials including MoS, and Mo,C,° has been a great
success owing to their similar electronic structures to that of
noble metals. Moreover, catalysts with permanent porosity are
favorable for enhanced HER activity.” Therefore, the design
and preparation of active, selective, environmentally benign,
and recyclable porous non-noble-metal-based catalysts toward
HER are expected to have a significant impact on practical
applications.

Polyoxometalate (POM) ions, which represent a well-defined
library of inorganic building blocks of nanoscopic scale with
oxygen-rich surfaces, are ideal candidates for the design and
construction of tailored framework materials.® Additionally,
POMs with redox activity show great promise as redox catalysts
for many organic transformations.” Nevertheless, the applica-
tions of pure bulk POMs as solid catalysts are limited because
of their significant solubility in reaction media, which leads to
poor recyclability due to the disintegration of active sites. To
improve the recyclability, POMs were immobilized on Lewis
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acidic porous supports (such as zeolites).”* However, these
materials often suffer from difficulties in synthetic control and
leaching of POMs from the porous support.

Metal—organic frameworks (MOFs) are a new class of
porous materials with fascinating structures and intriguing
properties.'® Although MOFs with desirable proton con-
ductivity were reported, they have rarely been studied as
electrocatalysts owing to their low electrical conductivity.
However, the permanent porosity and high surface area of
MOFs may provide an advantage toward electrocatalytic
reactions'’ such as HER and oxygen reduction reaction
(ORR). The availability of various building blocks consisting
of POM anions and organic linkers (or metal—organic
fragments) makes it possible to construct POM-based MOF
materials. Thus, combining the advantages of both POMs and
MOFs, such materials may exhibit excellent catalytic activity as
electrocatalysts or heterogeneous catalysts. Though POM-
based MOF materials were extensively studied as catalysts,'* so
far, there are only a few regorts on POM-based MOF materials
utilized as HER catalysts."

POM-based MOFs combine the redox nature of the POM
moiety and the porosity of a MOF, which may favor hydrogen
generation as an electrocatalyst. In addition, the stability of
HER catalysts in water over a wide range of pH values is
critical. Therefore, it is an important and challenging task to
explore the appropriate POMs and suitable organic linkers for
the preparation of stable crystalline porous POM-based MOF
materials as nonprecious-metal-based electrocatalysts.

Various POM-based MOF crystalline materials were
reported in the literature, and we classified them into three
main forms in our recent review (Figure S1)."* In the light of
the character of HER catalysts, we employ e-Keggin
polymolybdate units capped by four M ions as secondary
building blocks (M = Zn" or La™) to obtain MOFs in which
POM units and organic fragments were directly con-
nected."™"* Particularly, {e-PMo"gMo0",0,0Zn,} (Zn-e-Keg-
gin, Figure 1a) stands out for the following considerations: (i)
the Zn-e-Keggin fragment can be generated in situ under mild
conditions and possesses excellent redox activity on the basis of
the Mo element; and (ii) the four exposed Zn" cations are in a
regular tetrahedral arrangement, which is identical to those of
O atoms in a tetrahedral SiO, unit. This arrangement tends to
promote the formation of 4-connected 3D MOFs due to its
intrinsic nonplanarity.'*® Recently, we devoted our efforts to
isolating a Zn-e-Keggin fragment and successfully obtaining a
{[e-PMo0"YMo0"",0;,(OH);Zn,]CL}*" unit (abbreviated as Zn-
e-Keggin-Cl), as crystallized in [TBA],[e-PMo"sMo"",0;,
(OH),Zn,]Cl, (NENU-499, TBA" = tetrabutylammonium
ion). Presumably, there are two steps in the one-pot routine:
(i) the Zn-&-Keggin-Cl was formed initially and (ii) chloride
ions were substituted by the carboxylate groups of organic
ligands. The replacement reaction is supported by DFT
calculations. The binding energy (AE,) of POM:-based
framework was evaluated with chloride or carboxylate group,
as shown in Figure S2. The calculated results suggest that the
stability enhancement in the presence of carboxylate is
attributable to the larger AE, value (see the Table S1). Bearing
this in mind, rigid benzene tribenzoate (BTB)'® and [1,1'-
biphenyl]-3,4,5-tricarboxylate (BPT)"” were selected to test
the theoretical prediction. As expected, two novel 3D open
frameworks, [TBA];[e-PMo"sMo"",044(OH),Zn,][BTB], ;-
xGuest (NENU-500) and [TBA];[e-PMoYgMo"!,-
0;,(OH);Zn,][BPT] (NENU-501), were isolated and charac-
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Figure 1. Summary of the structure of NENU-500: (a) connection
mode between Zn-e-Keggin and BTB*~ fragments, (b) 3D (34)-
connected framework, (c) two-fold interpenetrated structure, and (d)
two-fold interpenetrated ctn arrays.
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terized (Figures S3 and S4). Furthermore, the electrocatalytic
activities of the as-synthesized NENU-500 and NENU-501
toward HER were examined in acidic aqueous solution (0.5 M
H,S0,). As a novel non-noble-metal HER catalyst in acidic
media, NENU-500 is highly active with a Tafel slope of 96 mV-
dec™ and an exchange current density of 0.036 mA-cm™. It
needs an overpotential (1) of 237 mV to attain a current
density of 10 mA-cm 2. In addition, the free energy of the Zn-¢-
Keggin-Cl unit was studied to evaluate its HER activity by DFT
calculations. NENU-500 and NENU-501 maintain their
activities after 2000 cycles. For comparison, the HER behaviors
of commercial Pt/C, €(trim), 3, NENU-S, and HKUST-1 were
also examined under similar conditions.

B RESULTS AND DISCUSSION

NENU-499. Single-crystal X-ray diffraction analysis demon-
strates that NENU-499 crystallizes in the tetragonal P42,c
space group (Table S2). NENU-499 comprises a Zn-&-Keggin-
Cl unit and TBA* cations (Figure SS). The &-PMo,,0,, core,
initially reported by Sécheresse and co-workers,'* derives
formally from the a-Keggin isomer by rotation of all four
Mo;0,; groups by 60° around the C; axes (Figure S6). Only &-
Keggin ions cagped by La**, Zn**, and Ni** are encountered in
the literature;"> naked e-Keggin ions have never been isolated,
presumably due to their high negative charges. As expected, the
&-Keggin ion is an eight-electron-reduced POM unit, containing
eight Mo(V) and four Mo(VI) ions, as indicated by the short
Mo(V)—Mo(V) (~2.6 A) and long Mo(VI)—Mo(VI) (~3.2
A) distances. The assignment of the oxidation states is evident
from the bond valence sum calculations on the Mo centers
(Table S3) as well as the results of XPS analysis (Figure S7).
This represents the initial preparation of the Zn-e-Keggin-Cl
fragment. It is of great importance to isolate this Zn-¢-Keggin-
based monomer. As suggested by DFT calculations, this
monomer may serve as an intermediate during the formation of
POM-based MOFs. With the guidance of DFT calculations, we
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successfully synthesized NENU-500 and NENU-501 by the
coordination of Zn-e-Keggin units with organic linkers.

NENU-500. Single-crystal X-ray diffraction analysis reveals
that NENU-500 crystallizes in the space group of Ia3d (No.
230). The asymmetric unit contains one [e-
PMo"sMo"",04(0OH),Zn,]" ion (Figure S8), a BTB’~ frag-
ment with 4/3 of occupancy, three TBA" cations, and guest
molecules. Electrons of the &-Keggin unit in NENU-500 are
highly delocalized owing to the high symmetry, as confirmed by
the bond valence sum calculations (Table S3). NENU-500 is
dark red (Figure S9), which is the typical color of reduced
molybdenum blue species'® and is in agreement with the XPS
analysis (Figure S10). Each Zn-e-Keggin fragment is coordi-
nated by four BTB?" linkers, and each BTB®~ connects three
Zn-¢-Keggin units (Figure S11). Such connectivity leads to a
3D porous extended framework with a typical ctn topology
(Figure 1b)."” Only a few frameworks with ctn topology have
been documented;?® however, POM-based MOFs with ctn
topology are rarely reported. As postulated by Aristotle,
“Nature abhors a vacuum.” In order to minimize the void
cavities and stabilize the framework, the single network allows
another identical network to penetrate, thus resulting in a two-
fold interpenetrated ctn array (Figure 1c).”' In Dolbecq’s
original work,"** 1,3,5-benzenetricarboxylic acid (H;BTC) was
employed as a linker to connect with a tetrahedral Zn-e-Keggin
moiety, resulting in a POM-based framework with ofp topology
(designated as &(trim),;). It is interesting to note that, in the
two compounds, though BTB*~ and BTC?" are both tritopic
linkers and the Zn-e-Keggin unit acts as a tetrahedral node, the
final products hold two distinct types of topology, which
perhaps can be attributed to the different types of point group
symmetry of the 3-connected nodes.>* It could also be due to
the interpenetration in NENU-500, made possible by the
elongated linkers, which could stabilize its ctn net>® X-ray
diffraction analysis indicates that a 1D channel can be observed
running parallel to the [111] direction in NENU-500, and
enclosed in the channel are disordered bulky TBA* counter-
cations and guest molecules. However, the positions of TBA*
ions and guest molecules could not be determined by X-ray
diffraction study due to severe crystallographic disorder. The
TBA" ions serve for structure directing agents, space filling, and
charge balance.

NENU-501. The substitution of H;BTB by H;BPT under
similar conditions yielded NENU-501 (Figure S12). NENU-
501 crystallizes in the monoclinic space group C2/c (No. 15).
The asymmetric unit comprises one neutral {e-
PMo"Mo",0;,(0OH);Zn,} fragment (Figure S13), one
BPT®" moiety, and three TBA* ions. In NENU-501, the
building block is not the expected Zn-g-Keggin but a dimerized
form of Zn-e-Keggin as reported in the literature (Figure 2)."**
The dimeric Zn-e-Keggin unit perhaps results from the
aggregation of two monomeric Zn-g-Keggin units. The dimeric
Zn-¢-Keggin fragment has six anchoring points, exhibiting the
staggered conformation of ethane. Each BPT®~ unit bridges
three dimeric fragments to give rise to a 3D (3,6)-connected
network with flu-3,6-C2/c topology (Figures 2 and $14).** Due
to the dimerization, the ratio of Zn-¢-Keggin to organic linker is
1 instead of 4/3 as in NENU-500. As in NENU-500, the charge
of the anionic framework is balanced by TBA* cations located
in the channels of NENU-501.

The phase purities of NENU-499—NENU-501 were
established by comparison of their observed and simulated
powder X-ray diffraction (PXRD) patterns (Figures S15 and
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Figure 2. Summary of the structure of NENU-501: (a) dimeric Zn-¢-
Keggin unit and BPT®" fragment as building blocks, (b) 3D
framework, and (c) (3,6)-connected topology.

$16). NENU-500 and NENU-501 show good thermal
stabilities in air, with decomposition starting at 300 and 366
°C, respectively. NENU-500 exhibits a continuous weight loss
step from 300 to 560 °C, corresponding to the loss of all
organic ligands, guest molecules, and TBA* ions. NENU-501
exhibits a continuous weight loss step from 366 to 554 °C,
corresponding to the loss of all organic ligands and TBA" ions.
The residue corresponds to ZnO and MoOQ;. Furthermore,
NENU-500 and NENU-501 are air-stable, maintaining their
crystallinities for at least several months, and no efflorescence
was observed. As polymeric materials, they are insoluble in
common organic solvents, such as dimethyl sulfoxide (DMSO),
chloroform, ethanol, and acetone. Remarkably, these POM-
based MOFs are also stable in acidic and basic aqueous
solutions in the pH range of 1—12 at room temperature, as
confirmed by the subsequent PXRD and FT/IR measurements
(Figures 3, S17, and S18). MOFs stable in both acidic and basic
solutions are rare,”® especially for POM-based compounds,
which often disintegrate in basic solutions. However, stability
over a wide range of pH values is a prerequisite for HER
catalysts of this kind.

After activation of the as-synthesized materials by immersing
a sample in methanol for 3 days and then heating at 100 °C
under a vacuum overnight, NENU-500 retained its crystallinity,
as confirmed by PXRD studies (Figure S19). The N,
adsorption isotherms at 77 K of the activated sample NENU-
500a revealed a typical type I isotherm characteristic for a
microporous material with a slight hysteresis between
adsorption and desorption (Figure S20), which can be
explained by the dynamic feature of the framework.”* The
maximum N, adsorption amount was 100.0 cm*.g™" at standard
temperature and pressure (STP). The Brunauer—Emmett—
Teller (BET) surface area was calculated to be 195 m*g™!
based on the N, adsorption data. The BET surface area was not
very high, which perhaps can be assigned to partial exchange of
TBA" ions. However, it is still higher than other metal-based
nanomaterials as electrocatalysts,” and should provide
adequate opportunity for electricity, water, and solvent to
move through inner pore spaces, unlike nonporous HER
catalysts, which will only be catalytically active along their
surfaces. The architectural stability and permanent porosity of
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Figure 3. PXRD patterns of NENU-500, with the as-synthesized
sample immersed in water with different pH values at room
temperature for 24 h. “Sim” represents the simulated pattern, and
“Exp” represents the pattern of as-synthesized sample.

Intensity

NENU-500 were confirmed by the N, adsorption experiments.
NENU-501 was treated under similar conditions; however,
little N, adsorption was detected. This perhaps can be
attributed to the very small pore of NENU-501, in which the
TBA" ions were not removable. To obtain more knowledge of
the adsorption properties, water adsorption isotherms of
NENU-500 were measured at 293 K. As shown in Figure
S21, the water uptake increases as P/P increases and reaches
66.9 cm®g ™! (2.99 mol'kg™") at P/P, = 0.99.

Owing to their strong tolerance to both acidic and basic
media and ideal electrical conductivity, carbon materials with
various structures are widely used as skeletons to support host
materials, resulting in advanced materials for electrocatalysis
and other energy-related applications.”® Therefore, we prepare
the composite catalysts based on the powder samples of the as-
synthesized materials and carbon black (Vulcan XC-72R). The
electrochemical behaviors of NENU-499—NENU-501-carbon
black (Vulcan XC-72R) on glassy carbon electrode (GCE)
were studied;”” in particular, studies of the electrocatalytic
activities of NENU-500 and NENU-501 toward NO,~ ions
were carried out. NENU-499 exhibits three redox peaks in 0.1
mol-L™" H,S0, aqueous solution, and the approximate
proportionality of the peak II-II' currents to the scan rates
from 25 to 200 mV-s~' suggests that the redox process is
surface-controlled for NENU-499-GCE (Figure S22). Figure 4
displays typical cyclic voltammograms (CVs) at potentials
ranging from —0.16 to +0.45 V (vs Ag/AgCl) in 0.1 mol-L™"
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Figure 4. CVs of NENU-500-GCE (a) and NENU-501-GCE (b) at
different scan rates (mV-s™'), both measured in 0.1 mol-L™! H,SO,
aqueous solution.

H,SO, aqueous solution at different scan rates for NENU-500
and NENU-501-GCE. The mean peak potentials E,, = (EPa +
E,)/2 for NENU-500 appeared at about —0.091 (I-T'),
+0.176 (II-II'), and +0.296 V (III—III') with peak potential
separations of 35, 13, and 23 mV (scan rate: 50 mV-s™'),
respectively. The mean peak potentials for NENU-501
appeared at about —0.092 (I-1'), +0.177 (II-1'), and
+0.288 V (III-11I") with peak potential separations of 26, 12,
and 22 mV (scan rate: S0 mV-s™"), respectively. These data are
consistent with those reported in the literature.”® The
approximate proportionality of the three redox peak currents
to the scan rates from 25 to 400 mV-s~" indicates that the redox
process is surface-controlled for NENU-500 and NENU-501-
GCE (Figures S23 and $24).* In addition, NENU-500 and
NENU-501-GCE are highly stable, and the peak potentials
change little with the increasing scan rates, which is especially
useful for electrocatalytic studies. NENU-500 and NENU-501-
GCE display good electrocatalytic activities in a wide
concentration range toward the reduction of NO,™ ions
(Figures S25 and S26). Upon the addition of NaNO,, the
reduction peak currents dramatically increase, and the
corresponding oxidation g)eak currents decrease, illustrating
that nitrite ion is reduced.”

Furthermore, the HER catalytic activities of as-synthesized
NENU-499—NENU-501 were also evaluated by electro-
chemical experiments. These experiments were carried out in
0.5 M H,SO, aqueous solution (pH = 0.16).>" Figure S27
shows the polarization curve of an NENU-500-modified
electrode in 0.5 M H,SO, with a scan rate of S mV-s™. In
order to clarify the factors contributing to the HER
performance of the NENU-500 rotating disk electrode
(RDE), the HER activity of pure XC-72R-modified electrode

DOI: 10.1021/jacs.5b02688
J. Am. Chem. Soc. 2015, 137, 7169—7177


http://dx.doi.org/10.1021/jacs.5b02688

Journal of the American Chemical Society

was measured as the reference. As a comparison, NENU-500-
doped composites with different contents were also studied.
The onset potential for HER of NENU-500-doped XC-72R
composites modified electrodes is more positive than that of
XC-72R-modified electrode. Meanwhile, the current density of
NENU-500-doped XC-72R composites modified electrodes is
also larger than those of pure NENU-500 or XC-72R electrode
when the potential is more negative than 140 mV. That is, the
HER activity of NENU-500-modified electrode is evidently
enhanced after carbon black doping. These results demonstrate
that the HER activity of POM-based MOF-modified electrodes
mainly originates from the synergistic effect between the POM-
based MOF material and carbon black. After careful analysis of
these results, we infer that NENU-500 may contribute to the
low overpotential, and carbon black contributes to the high
current density. It is necessary to dope carbon black into POM-
based MOF, which not only improves the electrical
conductivity but also increases the current. The increased
content of NENU-500 in composite electrode facilitates charge
transfer to some extent and thereby results in improved HER
activity. For instance, the composite with 50 wt % MOF
exhibits better catalytic behavior than composite with 20 wt %
MOF. NENU-500 (50 wt %) shows an onset overpotential of
180 mV and a Tafel slope of 96 mV-dec™.

Additionally, a series of control experiments were also
performed under the given conditions. Figure Sa shows the
HER polarization curves of various electrocatalysts in 0.5 M
H,S0, aqueous solution with a scan rate of S mV-s™’, including
those of NENU-499-, NENU-500-, and NENU-501-modified
RDE with loading amount of 50 wt % as well as bare RDE, pure
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Figure S. Electrochemical characterization of the prepared catalysts:
(a) polarization curves in 0.5 M H,SO, aqueous solution and (b) the
corresponding Tafel plots.
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XC-72R, and commercial Pt/C (20 wt % Pt/XC-72R).
Moreover, the HER activities of &(trim),;;, NENU-5, and
HKUST-1 were also studied for comparison (Figure S28). As
expected, among all tested electrodes, Pt/C exhibits the highest
activity for HER with nearly zero onset overpotential (1) and a
high current density. Bare RDE shows the lowest HER activity
among all tested electrodes. Pure XC-72R has negligible
electrocatalytic activity, while the doped samples could enhance
the HER activity by the introduction of active sites. NENU-
500-modified RDE is highly active toward HER, and it can
approach a large current density of 10 mA-cm™” at an
overpotential of 237 mV. To compare the required over-
potentials for driving a current of 10 mA-cm™ (17,) is more
practical owing to the fact that a solar light-coupled HER
apparatus usually runs at 10—20 mA-cm™* under the standard
conditions (1 sun, AM 1.5), indicating that 10 mA-cm™ is
meaningful as the point of reference. NENU-501 and
g(trim),/; require an overpotential of 392 and 515 mV to
achieve a 10 mA-cm™ HER current density, respectively. In
addition, NENU-499-modified RDE requires an overpotential
of 570 mV, which is larger than those of NENU-500, NENU-
501, and &(trim), ;. The 7, values were determined to be 585
and 691 mV for NENU-5- and HKUST-1-modified electrodes
(Table 1), respectively, which are even larger than those of the
other four electrocatalysts. Among the six tested, five MOF
composite electrodes exhibit larger overpotentials than that of
NENU-500 composite electrode, suggesting that fast and
efficient electron transfer occurs on the NENU-500 modified
electrode. The results imply that NENU-500 is superior in
catalytic activity over the other five electrocatalysts, suggesting
that both POM units and porosity are essential for high
electrocatalytic activity.

Tafel slope is an inherent property of electrocatalytic
material, which is determined by the rate-limiting step of
HER. Additionally, the determination and interpretation of
Tafel slope are of importance for the elucidation of HER
mechanism involved. Figure Sb displays the Tafel plots for
NENU-499—NENU-501. Meanwhile, the Tafel plots for
&(trim),;;, NENU-5, HKUST-1, XC-72R, and Pt/C are also
presented for comparison. The linear portions of the Tafel plots
are fitted to the Tafel equation (17 = b logljl + a, where j is the
current density, b is the Tafel slope, and a is the intercept
relative to the exchange current density j,). Commercial Pt/C
shows the Tafel slope of ~30 mV-dec™" that is in agreement
with the reported value,>* confirming the validity of our
electrochemical measurements. The Tafel slopes of NENU-
500, NENU-501, £(trim),,;, NENU-499, NENU-5, and
HKUST-1 obtained from the Tafel plots are 96, 137, 142,
122, 94, and 127 mV-dec™!, respectively. The exchange current
density (j,) of NENU-500 is calculated to be about 0.036 mA-
cm™2 Compared with those non-noble-metal electrocatalytic
materials reported recently, NENU-500 electrode presents a
quite large exchange current density and a relatively small Tafel
slope,® suggesting NENU-500 is a promising low-cost and
earth-abundant metallic electrocatalyst for HER.

A promising material for electrocatalytic HER should exhibit
not only high activity but also good durability. Therefore, we
also examined the stability of NENU-500 and NENU-501 in
hydrogen generation by accelerated degradation experiment. As
shown in Figure S29, after continuous CV scanning for 2000
cycles in 0.5 M H,SO, aqueous solution at a scan rate of 100
mV-s~', the polarization curves show negligible difference
compared with the initial one. The result demonstrates that
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Table 1. Comparison of HER Activity Data for Different Catalysts

catalyst onset potential (mV) N1 (MV) Tafel slope (mV-dec™")
Pt/C 25 52 30
NENU-500 180 237 96
NENU-501 304 392 137
£(trim), 3 420 515 142
NENU-499 452 570 122
NENU-§ 518 58S 94
HKUST-1 612 691 127
XC-72R 677 787 154
bare GC 709 829 144

Jo (A'Cm_z)
34 x 107*
3.6 X 107°
1.5 x 107°
24 %1076
34 x 107
6.1 %107
3.6x 1078
7.8 X 1078
1.8 x 1078

R
0.99617
0.99982
0.99982
0.99989
0.99957
0.99986
0.99966
0.99928
0.99989

RS (Q)

c

“Adjusted R? of Tafel plots. "Extracted from fitting electrochemical impedance spectra measured at —550 mV (vs Ag/AgCl) to an equivalent circuit.

“Not measured.

NENU-500 and NENU-501 modified electrodes are durable
during electrocatalytic hydrogen production. Furthermore, their
stabilities in 0.5 M H,SO,, aqueous solution were also evaluated
by immersing as-synthesized NENU-500 and NENU-501 in
acidic solution for 6 h. From the PXRD patterns, it can be
clearly seen that the peaks keep the positions (Figure S16),
suggesting the maintenance of the frameworks. In addition, the
PXRD patterns of NENU-S, and HKUST-1 treated under the
same conditions cannot keep the peak positions (Figure S30),
indicating they are not stable in 0.5 M H,SO, aqueous solution.
Especially, the color and appearance of HKUST-1 immediately
changed once soaked in 0.5 M H,SO, aqueous solution. The
results reveal that NENU-500 and NENU-501 have superior
stability in a long-term electrochemical process compared to
NENU-5, and HKUST-1.

To get further insight into the activity of as-synthesized
NENU-500 and NENU-501 modified electrodes toward HER,
electrochemical impedance spectroscopy (EIS) analysis was
also performed. Figures 6a and S31 describe the obtained
Nyquist plots of NENU-500 and NENU-501, and the
magnified Nyquist plots in high-frequency region are presented
for clarity (upper inset). The data were fitted to an equivalent
circuit (Figures S31), and the resultant fitting parameters are
summarized in Table S4. The charge-transfer resistance (R,) at
the surface of the catalysts is determined from the diameter of a
semicircle at high frequencies in the Nyquist plot. Generally, R
value varies inversely with the electrocatalytic activity. That is,
smaller diameter corresponds to faster HER kinetics. The R
values of NENU-500 (28 Q) and NENU-501 (58 Q)
measured at —550 mV (vs Ag/AgCl) are much lower than
those of &(trim),; (3309 Q), NENU-S (2381 Q), and
HKUST-1 (1253 Q) (Figure 6b). Thus, such a low R, value of
NENU-500 indicates that its high electrocatalytic activity for
HER could be ascribed to the highly conductive carbon black
hybrid improving the charge transfer characteristics of NENU-
500.

As suggested by Norskov et al,** a good hydrogen evolution
catalyst should have a free energy of adsorbed H close to that of
the reactant or product (i. e, AGY ~ 0), which can provide a
fast proton/electron-transfer step as well as a fast hydrogen
release processes. To get a deeper understanding, we select Zn-
&-Keggin-Cl fragment as a model to compute the free energy
change for H adsorption by means of DFT computations,
owing to the presence of Zn-¢-Keggin unit in both NENU-500
and NENU-501. As shown in Figure S32, there are three
possible H adsorption sites on Zn-e-Keggin-Cl, namely ;-
bridging oxygen (O,), p,-bridging oxygen (Oy), and terminal

oxygen (0. According to our computations, O, site is more
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Figure 6. Nyquist plots of (a) NENU-500 examined at different
potentials and (b) the different as-synthesized catalysts examined at
—0.55 V (vs Ag/AgCl). Inset denotes the magnified images of high-

frequency region.

favorable for H adsorption with its adsorption energy (—0.56
eV) lower than those of O, site (0.22 eV) and O, site (0.52
eV), respectively. By taking entropy and zero point energy into
account, the free energy change for H adsorption on O, site is
computed to be —0.07 eV, indicating that Zn-e-Keggin-Cl truly
has a good catalytic capacity for hydrogen evolution. This is
one of the reasons that NENU-500 and NENU-501 possess
higher activity than other MOF materials.

NENU-500 exhibits the highest HER activity among NENU-
501, e(trim),,;, NENU-499, NENU-S, and HKUST-1, which
perhaps can be assigned to the following reasons: (i) The poor
HER activity of HKUST-1, below those of the other five
polymolybdate-based catalysts, can be assigned to the fact that
it does not contain active sites of molybdophosphate fragment
and its poor stability in 0.5 M H,SO, aqueous solution. (ii) The
lower HER activity of NENU-5 compared to those of NENU-
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500, NENU-501, and &(trim),,; perhaps can be attributed to
the structure factor.'”> In NENU-S, the @-PMo,,0,, unit works
as a template located in the channel, while in NENU-500,
NENU-501, and €(trim),/;, the e-Keggin moiety serves as a
node to directly connect with organic ligands, leading to more
accessible active sites. In addition, NENU-S was also unstable
in 0.5 M H,SO, aqueous solution. (iii) The higher HER activity
of NENU-499 compared to those of the non-POM-containing
materials suggests that Zn-e-Keggin fragment can lower the
overpotential. Furthermore, the rigid and stable frameworks of
NENU-500, NENU-501, and €(trim),,; allow for easy
diffusion of electrolyte, leading to more efficient utilization of
active sites than in NENU-499. (iv) The higher HER activity of
NENU-500 compared to those of NENU-501 and &(trim),/;
can be attributed to the porosity factor. NENU-501 and
€(trim),/; are essentially nonporous, as revealed by nitrogen
adsorption studies, most likely due to an inability to remove a
large TBA" cation from their small pores. NENU-500, on the
other hand, exhibits permanent porosity. Furthermore, NENU-
500 has a much lower R, than those of NENU-501 and
e(trim), 3, which results in much faster electrode kinetics.”> As
a result, the stable porous POM-based MOF with POM node
directly connecting with organic linker exhibits the highest
HER activity as an electrocatalyst, which will be a new
promising branch of POM-based MOF materials as HER
catalysts. In other words, POM structural nodes and permanent
porosity are two prerequisites for POM-based electrocatalysts.

B CONCLUSIONS

In conclusion, two POM-based materials, NENU-500 and
NENU-501, were successfully isolated, which comprise POM
structural nodes and organic linkers. In addition, NENU-500
represents a rare example of 3D porous POM-based MOF with
a ctn net topology. NENU-500 and NENU-501 exhibit not
only good air stability but also acid and base tolerance.
Therefore, NENU-500 and NENU-501, as POM-based
materials, were utilized as electrocatalysts toward HER, owing
to the combination of the redox property of POM moieties and
the porosity of MOFs. Remarkably, NENU-500 is highly active
for electrochemically generating hydrogen from water under
acidic conditions, with a Tafel slope of 96 mV-dec™ and an
exchange current density of 0.036 mA-cm ™. It should be noted
that NENU-500 exhibits the best HER performance among all
MOF materials due to its good stability, porosity, and exposed
active sites. Furthermore, the HER activities of NENU-500 and
NENU-501 were maintained after 2000 cycles. The facile
preparation of these POM-based materials, along with their
long-term aqueous stability, low overpotential, and high activity,
offers promising features for their potential use in hydrogen
generation. The present study not only demonstrates a
successful case to construct stable POM-based MOFs with
porosity but also provides novel hydrogen-evolving electro-
catalysts with excellent activity. We are convinced that this
newly emerging hydrogen-evolving electrocatalyst is bubbling
with opportunities and that significant progress will be made in
the years ahead. More investigation is currently underway in
our group.

B EXPERIMENTAL SECTION

Materials. All the chemicals were obtained from commercial
sources and were used without further purification. Deionized water
was used for preparation of NENU-499—NENU-501, and ultrapure
water (resistivity: p > 18 MQ-cm™') was used in electrochemical
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experiments. IR spectra were collected in the range 4000—400 cm ™

using KBr pellets on an Alpha Centaurt FT/IR spectrophotometer.
PXRD measurements were recorded ranging from 3 to 50° at room
temperature on a Bruker D8 Advance diffractometer with Cu K, (1 =
1.5418 A). Thermogravimetric analysis (TGA) of the samples was
performed using a PerkinElmer TG-7 analyzer heated from room
temperature to 700 °C under nitrogen at the heating rate of S °C-
min~", XPS analysis was performed on a thermo ECSALAB 250
spectrometer with an Al Ka (1486.6 eV) achromatic X-ray source
running at 15 kV. The XPS binding energy (BE) was internally
referenced to the aliphatic C(1s) peak (BE, 284.6 eV). Field-emission
scanning electron microscopy (FE SEM) images were obtained with a
Hitachi SU-8010 electron microscope (Hitachi, Tokyo, Japan).

Preparation of NENU-499. A mixture of sodium molybdate
dihydrate (618 mg, 2.55 mmol), Mo powder 99.99% (S0 mg, 0.52
mmol), H;PO; (20 mg, 0.25 mmol), zinc chloride (136 mg, 1.00
mmol), tetrabutylammonium hydroxide 40 wt % solution in water
(120 uL, 0.18 mmol), and H,O (8 mL) was stirred for 20 min, and the
pH was acidified to 4.8 with diluted HCl (2 M). Then, 6-
nitrobenzimidazole (82 g, 0.50 mmol) was added to the mixture,
which was transferred and sealed in a 15 mL Teflon-lined stainless
steel container and heated at 180 °C for 72 h. After cooling to room
temperature at 10 °C-h™', dark-red crystals suitable for XRD study
were harvested.

Preparation of NENU-500 and NENU-501. A mixture of
Na,Mo0,-2H,0 (618 mg, 2.55 mmol), Mo powder 99.99% (50 mg,
0.52 mmol), H;PO; (20 mg, 0.25 mmol), zinc chloride (136 mg, 1.00
mmol), H;BTB (130 mg, 0.30 mmol), tetrabutylammonium hydroxide
40 wt % solution in water (120 L, 0.18 mmol), and H,0 (7 mL) was
stirred for 20 min, and the pH was acidified to 4.8 with diluted HCI (2
M). Then, the mixture was transferred and sealed in a 15 mL Teflon-
lined stainless steel container and heated at 180 °C for 72 h. After
cooling to room temperature at 10 °C-h™", dark-red crystals (NENU-
500) suitable for XRD study were harvested (yield 68% based on
H,BTB). IR (Figure S3, KBr pellets, v/cm™): 3450 (s), 2961 (m),
1599 (m), 1550 (w), 1466 (w), 1376 (m), 1110 (w), 935 (m), 814
(m), 780 (m), 705 (m), 587 (m). NENU-501 was isolated by an
analogous method with NENU-500, only using H;BPT in substitution
for Hy;BTB. IR (Figure S3, KBr pellets, v/cm™): 3445 (w), 2961 (m),
2872 (m), 1559 (m), 1470 (m), 1350 (s), 1148 (w), 942 (s), 819 (s),
777 (s), 707 (m), 590 (m), 486 (w).

Single-Crystal X-ray Crystallography. Suitable single crystals
were selected and mounted onto the end of a thin glass fiber using
Fomblin oil. Single-crystal XRD data were recorded on a Bruker
APEXII CCD diffractometer with graphite-monochromated Mo Ka
radiation (4 = 0.71073 A) at 293 K. Absorption corrections were
applied using multiscan technique. The structure was solved by Direct
Method of SHELXS-97°* and refined by full-matrix least-squares
techniques using the SHELXL-97 program 0 within WINGX.>* For
NENU-500, the TBA* cations could not be located in the structure
due to severe crystallographic disorder, and the data were corrected
with SQUEEZE,”” a part of the PLATON package of crystallographic
software used to calculate the solvent molecules or counterions
disorder area and to remove the contribution to the overall intensity
data. The crystallographic information is presented in Table S2.

Electrochemical Measurements. Cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) tests were conducted with a
CHI830B workstation (CH Instruments, China) in a conventional
three electrode system. A modified GCE (d = 3 or S mm) served as
the working electrode in electrochemical experiments, a platinum wire
as the counter electrode, and an Ag/AgCl electrode as the reference
electrode, respectively. In addition, the GCE with diameter of S mm
was used as rotating disk electrode (RDE, 0.19625 cm? Princeton
Applied Research Instrumentation, USA). Meanwhile, a speed control
unit-Princeton Applied Research Model 616 Electrode Rotator was
used for RDE measurements. In the identical cell setup, EIS was
carried out on a PARSTAT 2273 electrochemical system (Princeton
Applied Research Instrumentation, USA). The frequency range covers
from 10.0 kHz to 0.1 Hz with modulation amplitude of 10 mV at
different bias voltages. Prior to measurement, the solution was bubbled
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with nitrogen gas for 30 min to remove dissolved oxygen. In the
measurements, the Ag/AgCI reference electrode was calculated with
respect to RHE according to reported method.>® The formula is
E(RHE) = E(Ag/AgCl) + 0.059 pH + 0.198 V, where E(RHE) is a
potential vs RHE, E(Ag/AgCl) is a potential vs Ag/AgCl electrode,
and pH is the pH value of electrolyte. LSV measurements were carried
out in 0.5 M H,SO, with a scan rate of 5 mV-s™', which were
examined after S00 cycles of CV tests in the range of 0 to —1.2 V to
stabilize the current. The working electrode was rotated at 1000 rpm
to remove hydrogen gas bubbles formed at the catalyst surface. The
durability tests were carried out by repeating the potential scan from 0
to —1 V at a scan rate of 100 mV-s™" for 2000 cycles. All current
densities are the ratios of currents and geometric areas of working
electrodes. The EIS spectra were fitted by the Z-SimpWin software.

Preparation of Working Electrodes. A mixture of 20 mg of
carbon black (Vulcan XC-72R) and the desired amount of as-
synthesized POM-based MOFs (20 or S mg) was co-grounded for 4S
min. Prior to be modified, the GCE and RDE were polished carefully
with 0.05 ym alumina powders and then cleaned with HNO; (1:1),
ethanol, and deionized water, respectively. Catalyst ink was prepared
by mixing S mg of the prepared catalyst powders into water (950 uL)
containing 0.5 wt % Nafion (S0 L) and then ultrasonically dispersed
for 30 min. Then an aqueous dispersion was transferred onto the
clean-washed GCE (S pL) and RDE (14.2 pL) and dried in air at
room temperature before electrochemical experiments.
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