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ABSTRACT: Two octamolybdate-based MOFs with unsatu-
rated coordinated metal centers formulated as Cu;(MogO,4)-
(H,0),(0OH),(L1), (L1 = 4H-4-amino-1,2,4-triazole) (1) and
Ag,(MogO,6)(L2),5(H,0) (L2 = 3,5-dimethyl-4-amino-4H-
1,2,4-triazole) (2) were synthesized and structurally charac-
terized by single-crystal X-ray diffractions. Complex 1 exhibits
a 1D chain-like structure. In complex 2, 1D Ag-octamolybdate
chains in the ac plane are covalently embedded into the 2D
Ag-L2 layer, and the Ag-octamolybdate chains in the bc plane
covalently link the 2D layers into 3D architecture. The two
complexes both exhibit electrocatalytic activities toward
generating H, from water with lowered overpotentials and
enhanced currents, and the Cu complex exhibits better
electrocatalytic activity toward generating H, from water
than the Ag complex.

B INTRODUCTION

The molecular H, derived from noncarbon sources has
emerged as a potential fuel for sustainable energy cycles that
minimize carbon dioxide emissions." The search for the
catalysts that would allow facilitating the proton reduction to
H, with use of cheap and earth-abundant metals is now an area
of great interest” * Nature has evolved metal-dependent
hydrogenase enzymes for producing H, from aqueous media
with high efficiency and activity, but these molecules are usually
instable under aerobic conditions. Many artificial enzyme
catalysts for H, evolution have been developed, but most
require the use of organic solvents, acids, additives, and fairly
negative potentials. Thus the design of catalysts with high
activity and stability in aqueous media at minimal over-
potentials is a real challenge in this field.”

Polyoxometalates (POMs), a large family of soluble anionic
metal oxide clusters of d-block transition metals (W, Mo, V),
constitute ideal building blocks for targeting new functional
materials® due to their wide range of redox and catalytic
properties.” POM-based metal—organic framework (MOF)
possesses insoluble framework, which attracts people’s interest
in heterogeneous catalysis. However, POM-based MOF has
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been rarely explored in the field of electrocatalyst for generating
H, from water.®

Usually, the H, evolution reaction, 2H" + 2e™ = H,, involves
a two-electron transfer mechanism. In the first step, a proton
reacts with an electron to form a catalyst-bound hydrogen
intermediate H* (H* + e~ = H*). In the next step, either two
H* recombine to form H,, or another proton reacts with H*
(H* + H* + ™ = H,). The best catalyst binds the intermediate
neither too strongly nor too weakly.”

Based on the situation, in an attempt to obtain efficient
electrocatalyst for generating H, from water, we utilize the
octamolybdate-based MOF. The system is chosen based on the
following considerations: (1) POM-based MOF is usually
synthesized under acidic condition and it is not soluble in
water. Thus it can be exposure to acidic aqueous solution for
H, evolution reaction. (2) The element of Mo in
octamolybdate possesses various chemical valences such as
+4, +5, and +6, thus it displays superior redox property. (3)
Octamolybdate cluster, as a usual isopolyoxometalate, has a-,
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-, v-, 6-, and e-forms.'® The five isomers can be interconverted,
thus reversible interconversion for the cluster is possible during
the electrocatalysis process. (4) It is expected that octamo-
lybdate-based MOF can act as a bifunctional catalyst if
unsaturated coordinated metal(II) center is included, which
may provide an active center for H* binding,

In the present work, two octamolybdate-based MOFs
formulated as Cu;(MogO,)(H,0),(OH),(L1), (L1 = 4H-4-
amino-1,2,4-triazole) (1) and Ag,(MogO,)(L2),5(H,0) (L2
=3,5-dimethyl-4-amino-4H-1,2,4-triazole) (2) are obtained via
hydrothermal technique in moderate yields (Scheme 1). Their

Scheme 1. Schematic Representations of L1 (a) and L2 (b)

() (b)
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cyclic voltammograms (CVs), electrochemical impedance
spectroscopies (EISs), controlled potential electrolysis (CPE)
experiments, thermal stabilities, and UV—vis absorption spectra
have been investigated.

B EXPERIMENTAL SECTION

General Considerations. All chemicals purchased were of reagent
grade and used without further purification. C, H, and N elemental
analyses were performed on an Elementar Vario MICRO E III
analyzer. IR spectra were recorded as KBr pellets on a PerkinElmer
spectrometer. The powder XRD (PXRD) data were collected on a
RIGAKU DMAX2500PC diffractometer, using Cu Ka radiation.
Thermogravimetric analysis (TGA) and simultaneous differential
scanning calorimetry (DSC) were performed on a NETZSCHS STA
449C thermogravimetric analyzer in flowing Ar with a heating rate of
10 °C-min™". UV—vis spectra were measured on a HITACHI U-4100
UV—vis spectrophotometer. A Shiruisi RST5200 electrochemical
analyzer was used in the electrochemical measurements. The gas
sample composition was analyzed with a Varian GC-3800 gas
chromatograph with a Molecular Sieve 5 A column (40 m), where §
mL of methane was injected as an internal standard.

Electrochemical Measurements. Acetone dispersion of samples
(0.1 mL) and 0.01 mL of nafion solution were deposited on a glassy
carbon electrode to obtain the working electrodes after the solvent is
dried by an IR lamp. An Ag/AgCl electrode and a platinum foil were
used as the reference and counter electrodes, respectively. For the
electrocatalysis of H, production from water, the cyclic voltammgrams
were recorded in 20 mL of N, degassed solution. Both positive and
negative CV scans were performed on each sample. The mass of
samples on the working electrode was 4.0 X 10™' mg. The mass of
ligand in the solution was 4.0 X 10~" mg. Electrochemical impedance
spectroscopy (EIS) measurements were carried out with a sinusoidal
signal of 10 mV amplitude over the frequency range from 1 Hz to 1
MHz.

Synthesis of Cu3(MogO,6)(H,0),(0H),(L1), (1). A mixture of L1
(0.1 mmol, 0.084 g), Na,MoO,2H,0 (0.1 mmol, 0.24 g),
CuCl,-2H,0 (0.1 mmol, 0.17 g), and water (8 mL) was adjusted to
pH 1.0 by HNO;, and then heated at 160 °C in Teflon-lined
autoclaves for 3 days, followed by slow cooling to room temperature.
The resulting blue block crystals were filtered off (yield: ca. 32% based
on Mo). Elemental Anal. Found: C, 5.37; H, 1.29; N, 12.62. Calcd for
CeHy,CusMogN O C, 5.40; H, 125; N, 12.59. IR (KBr, cm™):
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3499 (m), 3291 (m), 3207 (w), 3143 (w), 3105 (m), 2351 (w), 2286
(w), 1635 (m), 1612 (w), 1549 (w), 1392 (w), 1344 (w), 1277 (w),
1232 (w), 1085 (w), 1065 (w), 1044 (w), 983 (w), 960 (m), 927 (w),
911 (m), 856 (m), 766 (w), 694 (m), 659 (m), 627 (m), 58 S(w), 558
(w), 529 (w), 487 (w), 442 (w).

Synthesis of Ag,;(Mog0,6)(L2),5(H,0) (2). A mixture of L2 (0.1
mmol, 0.011 g), MoO; (0.11 mmol, 0.16 g), AgNO; (0.04 mmol,
0.007 g), and water (8 mL) was adjusted to pH 1.0 by HNO;, and
then heated at 170 °C in Teflon-lined autoclaves for 3 days, followed
by slow cooling to room temperature. The resulting colorless block
crystals were filtered off (yield: ca. 40% based on Mo). Elemental Anal.
Found: C, 6.30; H, 1.15; N, 7.33. Calcd for C,,H,,Ag,MogN,0,,: C,
6.28; H, 1.16; N, 7.32. IR (KBr, cm™): 3476 (s), 3335 (m), 2925 (w),
2361 (w), 1619 (m), 1555 (m), 1427 (w), 1375 (w), 1271 (w), 901
(s), 849 (w), 708 (m), 656 (w), 580 (w), 512 (w).

X-ray Crystallography. Single-crystal X-ray data for complexes 1
and 2 were collected on a Bruker-APEX CCD area detector-equipped
diffractometer, using graphite monochromated Mo Ka (4 = 0.71073
A) radiation at room temperature. Empirical absorption correction was
applied. The structures were solved by direct methods and refined by
the full-matrix least-squares methods on F?, using the SHELXTL-97
software.'" All non-hydrogen atoms were refined anisotropically. All of
the hydrogen atoms were placed in the calculated positions. The
crystal data and structure refinements for complexes 1 and 2 are
summarized in Table 1. Selected bond lengths and angles for
complexes 1 and 2 are listed in Table 2. The CCDC reference
numbers are the following: 879774 for complex 1 and 879775 for
complex 2.

Table 1. Crystal Data and Structure Refinements for
Complexes 1 and 27

1 2
empirical formula CgH,,Cu;MogN 405, CioHpAgMogN,,0,;
M 1780.56 1913.38
crystal system triclinic triclinic
space group PT PT
a/A 8.9318(8) 11.0715(1)
b/A 11.1272(9) 12.3855(1)
c/A 11.2538(1) 14.7951(2)
a/deg 116.636(2) 75.6310(1)
B/deg 100.8770(1) 82.335(2)
y/deg 94.3770(1) 69.8860(1)
V/A3 965.17(1) 1842.9(3)
V4 1 2
Dyea/g cm™ 3.063 3.448
u/mm™! 4241 4.801
no. of unique reflcns 3331 6287
reflens used [I > 20(I)] 2929 4544
F(000) 845 1784
goodness-of-fit on F* 1.080 1.043
final R indices [I > 26(I)] R, = 0.0284 R, = 0.0703

wR, = 0.0703 wR, = 0.1945

“Ry = YIFyl — IEJl/YIFl; wR, = Y [w(Fy* — 2?1/ Y [w(F?) V2

B RESULTS AND DISCUSSION

Crystal Structure of Cuz(MogO,4)(H,0),(0OH),(L1), (1).
Single-crystal X-ray diffraction analysis reveals that complex 1
crystallizes in the triclinic space group P1 (Table 1). In complex
1, the asymmetric unit contains two Cu(Il), two L1, half
[MogO,4]*, one u,-OH and one coordinated water molecule.
The crystallographically independent Cu(1) exhibits a slightly
distorted square-planar unsaturated coordination geometry,
defined by two nitrogen atoms from two L1, one oxygen atom
from p,-OH, and one terminal oxygen atom from [MogO,4]*"

dx.doi.org/10.1021/ic3018858 | Inorg. Chem. 2013, 52, 777784



Inorganic Chemistry

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Complexes 1 and 27

Complex 1
Cu(1)—0(14) 1.885(3)  Cu(1)-0(9) 1.926(4)
Cu(1)—-N(5) 1.956(4) Cu(1)-N(2) 1.993(4)
Cu(2)-0(14) 1911(4) Cu(2)—-0(15) 2.631(5)
Cu(2)-N(6) 2.040(4) Mo(3)-N(1) 2.318(4)
N(5)—Cu(1)-N(2) 16593(2)  O(14)—Cu(2)—0O(15) 85.64(2)
0(14)—Cu(1)— 166.68(2)  O(14)#1-Cu(2)— 180.00
0(9) 0(14)
N(6)—Cu(2)- 79.06(2)  N(6)#1—Cu(2)— 100.94(2)
0(15) 0(15)
Complex 2
Ag(1)-0(3) 2.369(1)  Ag(1)-0(20) 2.581(1)
Ag(2)-N(2) 2.151(1)  Ag(3)-N(S) 2.132(2)
Ag(3)-N(1) 2.137(1)  Ag(4A)-0(13) 2.439(2)
Ag(4A)-N(12) 2.32(3)  Ag(4B)-N(6) 2.124(2)
Ag(5A)-N(10) 2.17(3)  Ag(5B)-N(10) 2.10(3)
Ag(5B)—0(27) 2.02(3)  Ag(5A)-0(27) 2.440(2)
0(17)—Ag(1)— 73.6(4) 0(3)—Ag(1)-0(17) 164.2(5)
0(20)
0(3)-Ag(1)-0(20)  121.6(4) N(2)#2—-Ag(2)— 180
N(2)
N(5)—Ag(3)-N(1) 164.8(6) N(6)—Ag(4A)— 142.9(1)
N(12)
115.1(1) N(10)—Ag(5A)— 149.7(1)

N(10)—Ag(SA)—
0(27) N(8)#3

“Symmetry transformations used to generate equivalent atoms: #1 —x

+1, =y, =z #2 —x+ 1, -y + 2, —z;# —x+ 2, —y+ 1, -z + 1.

[Cu—0 1.885(3)—1.926(4) A, Cu—N 1.956(4)—1.993(4) A]
(Table 2). Cu(2) sits on the inversion center and shows a
slightly distorted octahedral coordination geometry, supplied
by two nitrogen atoms from two L1, two oxygen atoms from
two u,-OH in the equatorial positions [Cu—O 1.911(4) A,
Cu—N 2.040(4) A] and two oxygen atoms from two aqua
ligands in the apical position with a 2.631(5) A of Cu—O
distance, which is a bit longer than the normal Cu—O bond
length, indicating the binding of the water molecule is weak
(Table 2). In complex 1, the two crystallographically
independent L1 ligands both act as y,-bridges. One links two
Cu(Il) centers via two nitrogen atoms with a Cu--Cu
separation of 3.352 A, and another connects the Cu(Il) and
Mo(VI) centers with a Cu---Mo separation of 3.451 A [Mo—N
2.318(4) A] (Table 2), leaving the NH, group uncoordinated
(Figure 1a). The [MogOy]*" moiety has C; symmetry and is
composed of six edge-sharing {MoO4} octahedra and two
{MoOsN} octahedra and thus displays the characteristic y-
octamolybdate arrangement (Figure 1b)."® In complex 1,
Cu(Il) ions are linked by y,-L1 and u,-OH into a Cuy unit,
which is further connected by [MogO,s]*” to give a one-
dimensional (1D) chain (Figure 1).

The Electrocatalytic Activity of Complex 1. The phase
purities of complexes 1 and 2 were supported by the powder X-
ray diffraction (PXRD) patterns of the bulk samples, which are
consistent with the calculated patterns (Figure S1). The
electrocatalytic activity of complex 1 toward generating H,
from water was evaluated by cyclic voltammograms (CVs) in
H,SO, aqueous solution. For comparison, the electrochemical

Figure 1. 1D chain constructed by Cu; unit and [MogO,4]*™ in complex 1 (H atoms and water molecules omitted for clarity) (a); polyhedral

representation of the y-[MogO,s]*” moiety in complex 1 (b).
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behavior at the bare carbon glassy electrode (GCE) was also
studied. Figure 2 shows the CVs in 0.5 M H,SO, aqueous

Current density (uA/cm?)

05 0 05 10 15 20
Overpotential (V)

Figure 2. Cyclic voltammograms of the bare GCE (pink) and 1-GCE
(red) in 0.5 M H,SO, aqueous solution at a sweep rate of 50 mV-s™".
The blue curve indicates the CV of the bare GCE in the similar
solution containing 0.4 mg of L1.

solution in the potential range from —1.2 to 1.8 V vs Ag/AgCl
at 50 mV-s~'. As we know, in 0.5 M H,SO, aqueous solution,
the potential for H, evolution reaction (HER) on a clean Pt
electrode is —0.24 V vs Ag/AgCl, indicating the overpotential
range in Figure 2 is —0.96—2.04 V. An irreversible peak at
—0.82 V vs Ag/AgCl (overpotential 7 = —0.58 V) was observed
at the bare GCE (Figure 2), which coincides with the evolution
of bubbles, corresponding to the generation of H, from water.
When the 0.5 M H,SO, aqueous solution contains LI, the
irreversible peak at the bare GCE was shifted to more negative
potential (7 = —0.62 V) and the peak current decreases (Figure
2), indicating the free ligand L1 cannot catalyze HER. It is
expected that L1 might not act as an electron-transfer promoter
under the condition.'> When the 1-modified electrode (1-
GCE) was utilized, the reduction peak of H' in 0.5 M H,SO,
aqueous solution is obviously shifted to more positive potential
(n = —0.43 V) accompanied by the enhanced current,
suggesting complex 1 has good electrocatalytic activity for
HER (Figure 2)."> Complex 1 can lower the overpotential of
HER, which is also evidenced by the Tafel curve at 1-GCE in
H,SO, aqueous solution (Figure S2). The quasireversible redox
couple with a half-wave overpotential of 0.72 V (E,, = 0.82 V
and E,= 0.62 V, E,, = anodic peak overpotential, E,. =

Figure 3. 1D inorganic chain consisting of Ag(I) and f-[MogO,s]*" in complex 2 (H atoms and L2 omitted for clarity) (a); 2D MOF layer built
from Ag(I) and L2 (atom with additional superscript i refers to the symmetry operation: —x + 2, —y + 1, —z + 1, H atoms and methyl groups of L2
omitted for clarity) (b); 1D inorganic chains in the ac plane embedded into 2D MOF layer via Ag—O linkage (c); 2D layers connected by 1D
inorganic chains in the bc plane into 3D architecture (d) (Ag from 1D chains denoted in sapphire, H atoms and methyl groups of L2 omitted for

clarity).
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cathodic peak overpotential) at the 1-GCE may be assigned to
the Cu-based oxidation of complex 1 (Figure 2).'* The redox of
the [MogO,4]*™ polyanion is overlapped by the potential for
HESng/vith peaks at —0.16 and 0.16 V in the system (Figure
2).5

In the presence of complex 1, the electrocatalytic current
grows larger with increasing acid concentrations, as shown in
Figure S3. The peak currents were also proportional to the scan
rates (Figure S4), indicating that the redox process is diffusion-
controlled,"® and the exchanging rate of electrons is fast. The
result is also in agreement with the electrochemical impedance
spectroscopy (EIS). As shown in Figure SS, the Nyquist plots
of 1-GCE and the bare GCE are similar, in which a sloped line
is observed. The slope of the impedance curve in the low-
frequency region for 1-GCE is higher than that for the bare
GCE, implying the resistance for complex 1 is higher than that
for the bare electrode.'® When 1-GCE is utilized, with the
increase of the electrode resistance, the overall impedance of
the three-electrode cell is more than that of the blank system.
Usually, current decreases with the increase of impedance. The
abnormal enhanced current of HER at 1-GCE indicates the
additional reduction current is related to the structure of
complex 1, and it probably originates from the redox of
[MogO,]* moiety in the framework, which is overlapped by
the potential for HER.

Controlled potential electrolysis (CPE) experiments at —0.8
V vs AgCl/Ag (7 = —0.56 V and current density =0.7 uA/cm?)
were also performed to provide evidence for catalytic activity of
complex 1. As depicted in Figure S6, 1-GCE affords a robust
and essentially linear charge build-up over time, with no
substantial loss in activity over the course of 2 h, which shows
higher charge build-up than the bare GCE under the same
condition (7 = —0.56 V and current density = 0.1 uA/cm?)
(Figure S6). Moreover, 1-GCE is stable. When the potential
range is maintained at —1.0 to 2.0 V vs AgCl/Ag, the peak
currents can be kept over one hundred cycles. The behavior at
1-GCE is indicative of the possible reversible structural
transformation between the oxidization and reduction states
of the species during the redox process.

To estimate the Faradaic efficiency for H, production by
complex 1, the evolved H, in the 2 h CPE experiment is
characterized and proved by gas chromatography. The
generated H, volume matches that calculated based on the
amount of charge consumed, indicating the catalyst operates at
989% Faradaic efficiency (see the Supporting Information). On
the basis of the amount of complex 1 used in the experiment, a
turnover number (TON) of 2.6 X 10° mol of H, per mole of
catalyst is calculated.

Crystal Structure of Ag,(MogO,6)(L2),5(H,0) (2). To
further investigate the relationship between the electrocatalytic
activity and the structure of the octamolybdate-based MOF, we
got another complex, Ag,(MogO,4)(L2),s(H,0) (2).

Complex 2 crystallizes in the triclinic space group P1 (Table
1), it contains three and two half Ag(I), two and a half L2, and
two half [MogO,¢]*", and one coordinated water molecule in
the asymmetric unit. Due to the disorder, the occupancy factor
of one L2 ligand is 0.5, which is constructed by N9—N12 and
C9—C12, the second site of each atom from the L2 ligand is
calculated from the first position of the atom via the inversion
operation. Ag(1) adopts a slightly distorted planar triangular
coordination geometry, defined by three terminal oxygen atoms
from two [MogO,4)* [Ag—O 2.369(1)— 2.581(1) A] (Figure
3a and Table 2). Ag(2) sits on the inversion center and it is
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unsaturated coordinated by two triazol nitrogen atoms from
two L2 to give a linear geometry, and Ag(3) also exhibits a
similar unsaturated coordination environment [Ag—N
2.132(2)—2.151(1) A] (Figure 3b,c). Ag(4) is disordered
over two locations and the occupancy factors of Ag4A and
Ag4B are 0.45 and 0.55, respectively. Ag(4) is three
coordinated by two nitrogen atoms from two L2 and one
terminal oxygen atom from [MogOy]*™ to furnish a distorted
planar triangular coordination environment [Ag—N 2.124(2)—
2.32(3) A, Ag—O 2439(2) A] (Figure 3b,c). Ag(S) is
disordered over two locations, and the occupancy factors of
AgSA and AgSB are 0.35 and 0.15, respectively. Ag(S) shows a
distorted planar triangular geometry, supplied by two nitrogen
atoms from two L2 and one oxygen atom from the water
molecule [Ag—N 2.10(3)—2.17(3) A, Ag—0 2.02(3)—2.440(2)
A] (Figure 3b,c). The [MogO,]*" moiety in complex 2
possesses C,, symmetry and has eight edge-sharing {MoOg}
octahedra, indicating the [MogOy]*” moiety displays the
characteristic f-octamolybdate arrangement. Different J-
[MogO,]* are linked by Ag(I) via terminal oxygen atoms
into the 1D chain along different directions (Figure 3a). In
complex 2, different Ag(I) ions are connected by L2 into the
two-dimensional (2D) MOF layer (Figure 3b). Ag-octamo-
lybdate chains in the ac plane are covalently embedded into the
2D MOF layer via Ag—O linkage (Agd—013 2.439(16) A)
(Figure 3c). Ag-octamolybdate chains in the bc plane connect
the 2D layers via similar Ag—O linkage into three-dimensional
(3D) architecture (Figure 3d).

The Electrocatalytic Activity of Complex 2. As for
complex 2, its electrocatalytic activity toward generating H,
from water was also evaluated under similar condition. The CV
reveals the reduction overpotential of H" is shifted to —0.49 V
accompanied by the enhanced current at the 2-modified
electrode (2-GCE), indicating complex 2 also can catalyze the
generation of H, from water (Figure 4). Complex 2 can lower
the overpotential of HER, which is also evidenced by the Tafel
curve at 2-GCE in H,SO, aqueous solution (Figure S2).
Whereas for the free ligand L2, the irreversible peak was
observed at more negative potential (7 = —0.65 V) and the
peak current decreases (Figure 4), indicating the free ligand L2
cannot catalyze HER. In the presence of complex 2, the

-1 554049

Current density (uA/cm?)

05 0 05 L0
Overpotential (V)

L]
L5 2.0

Figure 4. Cyclic voltammograms of the bare GCE (pink) and 2-GCE
(red) in 0.5 M H,SO, aqueous solution at a sweep rate of SO mV-s™".
The blue curve indicates the CV of the bare GCE in the similar
solution containing 0.4 mg of L2.
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electrocatalytic current grows larger with increasing acid
concentrations, as shown in Figure S7. And the peak currents
were also proportional to the scan rates (Figure S8). EIS
measurement shows the redox process is diffusion-controlled
and the impedance of the half cell in the presence of 2-GCE is
more than that for the bare-GCE, indicating the electrode
resistance of 2-GCE is more than that of the bare-GCE (Figure
S5). The abnormal enhanced current for HER at 2-GCE is
related to the framework of complex 2. The catalytic activity of
complex 2 is also evidenced by the CPE experiment (17 = —0.56
V and current density = 0.3 uA/cm?), in which 2-GCE shows
higher charge build-up than the bare GCE under the same
condition (7 = —0.56 V and current density = 0.1 uA/cm?)
(Figure S9) with the Faradaic efficiency of 97% and TON of
3.0 X 10* mol of H, per mole of complex 2.

Comparing complexes 1 and 2, the reduction overpotential
of H" at 1-GCE (—0.43 V) is more positive than that at 2-GCE
(—0.49 V) (Figure S10), indicating the Cu complex 1 possesses
better catalytic activity than the Ag complex 2. The result is in
agreement with the 2 h-CPE experiment, in which 1-GCE
shows higher charge build-up than 2-GCE under the same
condition (Figure S11). Because the lowered overpotential is
related to the active center of electrocatalyst for H* binding,’
complex 1 reduces the overpotential of H, evolution greater
than complex 2, as shown by the Tafel curves in Figure S2,
which is probably due to their different unsaturated coordinated
metal centers in the structures.” The detailed mechanism is
under investigation. The present work shows it is possible to
obtain better electrocatalyst with the cheaper metal ion by the
rational design and synthesis of POM-based MOFs.

Thermal Stability of Complexes 1 and 2. To examine
the thermal stability of complexes 1 and 2, TGA and
simultaneous DSC were carried out. The samples were heated
to 650 °C in Ar. As the black curve shows in Figure Sa, complex
1 exhibits one step of weight loss in the range of 150—260 °C
with a loss of 2.0 wt % (caled 1.9 wt %), corresponding to the
loss of coordinated water. In the similar range, the DSC plot of
complex 1 shows a broad endotherm with a peak at 200 °C.
When the temperature is in the range of 410—500 °C, complex
1 exhibits one step of weight gain, and the calorimetric curve
shows an endotherm with a peak at 415 °C, which might
correspond to the phase change of the molybdenum oxide.

As for complex 2, it releases its coordinated water in the
range of 150—260 °C (calcd 0.9%; obsd 1.0%), as the black
curve shows in Figure Sb. In the similar range, the DSC curve
of complex 2 shows an endotherm with a peak at 170 °C. The
pyrolysis of organic ligand exhibits two endothermal peaks at
280 and 343 °C, respectively (Figure Sb). Similar to complex 1,
complex 2 shows one step of weight gain in the range of 440—
510 °C, and the calorimetric curve shows two endothermal
peaks at 442 and 473 °C, respectively, probably corresponding
to the phase change of the molybdenum oxide.

UV-vis Absorption Spectra of Complexes 1 and 2.
The UV—vis absorption spectra of complexes 1 and 2 together
with the free organic ligands in the solid state at room
temperature are shown in Figure 6. As shown in Figure 6, L1
and L2 exhibit strong absorption with maxima at 294 and 288
nm in the range of 250—400 nm, respectively, which probably
corresponds to the 7—z* transition of the triazol ring."”'® As
we know, the electron-withdrawing substituent of a ligand will
lower the energy of the m—n* transition and lead to the
bathocromic effect of the absorption band."® The absorption
maximum of L2 (288 nm) is blue-shifted 6 nm compared to
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Figure 6. UV—vis absorption spectra at room temperature for the free
ligands L1 and L2 and complexes 1 and 2.

that of L1 (294 nm), which is the result of the methyl
substituent (electron-donoring group) in the structure of L2.

As for complex 1, it displays absorption in the range of 240—
400 nm with maxima at 328 and 351 nm. As for complex 2, it
exhibits strong absorption with maxima at 250 nm in the range
of 240—400 nm, which are different from those of free ligands,
inferring that the absorption of complexes 1 and 2 may be
associated with the Mo—O LCMT bands.'” The broad
absorption band of complex 1 in the range 460—900 nm
corresponds to the visible d--d transition.
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B CONCLUSIONS

In conclusion, based on [MogO,4]*", two MOFs formulated as
Cue,(MOsté)(HzO)z (OH),(L1), (1) and Ag4(M08026)-
(L2),5(H,0) (2) have been synthesized. The two MOFs are
stable and not soluble in acidic aqueous solution. Complex 1
exhibits a 1D chain-like structure. In complex 2, 1D Ag-
octamolybdate chains in the ac plane are covalently embedded
into 2D Ag-L2 layer, and the Ag-octamolybdate chains in the bc
plane covalently link the 2D layers into 3D architecture. The
two complexes both exhibit electrocatalytic activity toward
generating H, from water with lowered overpotentials and
enhanced currents. Complex 1 reduces the overpotential of
HER greater than complex 2, which is probably related to their
different unsaturated coordinated metal centers in the
structures. It is expected that the enhanced current for HER
probably originates from the redox of the [MogO,s]*"
polyanion overlapped by the potential of the proton reduction.
The detailed mechanism is under investigation. The present
work shows it is possible to obtain better electrocatalyst by
using the cheaper metal ion instead of noble metal ion.
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