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Abstract: Splitting of water to produce hydrogen and oxygen is a green and effective method
to produce clean energy. Finding an efficient water decomposition catalyst is the key step to
realize water decomposition. In this work, by choosing from the literature, six polynuclear man-
ganese (Mn) containing polyoxometalates (Mn-POMs) with different Mn-O clusters and oxidation
states of Mn, [Mn"Mn'SiW,,03,(OH)(H,0)]6~ (Mn,-POM), [Mn"3Mn(H,0), (PW¢O34),1°~
(Mny-POM), [Mn"[,Mn!"; Ge3W24004(H,0)5]'%~ (Mng-POM-1), [Mn!,Mn!y (13-0), (H,0)4(B-B-
SiWgO31)(B-B-SiW9O34)(v-SiW19036)]'8~ (Mng-POM-4), [(Mn'3Mn!V ;04 (OH),(OH2)}2(W6022)
(HaW5032)2(HsW13046)2]%6~ (Mny4-POM), [Mn'!yg (OH)12(SiW19O37)6]**~ (Mny9-POM) were
prepared. First, the catalytic performance towards the water oxidation of six Mn-POMs was
investigated in solution for the first time. Second, six Mn-POMs were fabricated on the surface
of ITO electrode using layer-by-layer self-assembly (LBL) to form the composite films, which
were characterized by UV-vis spectroscopy and cyclic voltammetry, and then the catalytic water
oxidation performance of the composite films was studied and compared with that in solution via
a series of controlled experiments, the results indicate that the Mn-POMs with three-dimensional
structures, which contain variable valence Mn-O cluster similar to the structure of photocatalytic
active center (PSII) exhibit better catalytic performance.

Keywords: manganese; polyoxometalates; OER; catalyst; electrochemistry

1. Introduction

In recent years, global warming has led to the continuous deterioration of the human
living environment. COVID-19 has also impacted global trade, exacerbating the impact of
the energy crisis on social life. The attention and demand of the international community
for clean energy are increasing. Hydrogen energy is recognized as a clean energy source,
and its combustion product is water. At present, hydrogen production by cracking fossil
fuels is widely used, which also causes secondary emissions of greenhouse gases and a
decrease in the quantity of fossil fuels. Therefore, if water (the largest potential hydrogen
energy provider) can be split to produce hydrogen, a green and recyclable clean energy
system will be established. However, there are some problems to be solved, such as high
energy consumption and high operation cost. Therefore, it is very necessary to develop
fast, economical and reliable catalysts.

POMs are metal oxygen cluster compounds composed of transition metal atoms (M)
and oxygen atoms (O) connected by MOy polyhedra (tetrahedra, octahedra and icosahedra)
in the way of common angle and common edge [1]. Because of this, the structures of
POMs are changeable. The properties of POMs can be changed by adjusting the type
and structure of transition metals. Heteropoly acids containing heteroatoms have richer
structures due to the introduction of heteroatoms. POMs have excellent catalytic per-
formance and reversible redox activity. They can be the potential catalysts for water
cracking. At present, heteropoly acids containing ruthenium [2], manganese [3], cobalt,
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nickel and copper [4] have been proved to catalyze the decomposition of water. Com-
pared with precious metal substituted polyacids, manganese, cobalt, nickel, iron and other
metal substituted POMs are cheap and have a wider range of applications. Among them,
the Mn-O clusters in Mn-POM have the same composition or structure as the photosyn-
thetic center of green plants [5]. Therefore, we focus on the research of Mn containing
POM catalysts. There are dozens of Mn containing POMs ranging from 1 to 40 [3,6].
At present, the catalytic water oxidation properties of some manganese containing POMs
have been studied separately [7-12], the effects of amount, oxidation state of Mn ions
and Mn-O cluster structure on the catalytic performance for water decomposition have
hardly been reported. In order to select Mn-POMs with good catalytic performance, and
find the influence of amount, oxidation state and Mn-O cluster structure, we selected
six Mn,POMs as representative for comparison, including two manganese containing
POMs: [Mn™Mn™'SiW;5037(OH)(H,0)]6~ (Mny-POM) [13] and four manganese containing
POM: [Mn!lsMn (H,0),(PW9O34):1°~ (Mnyg-POM) [14], six manganese containing POMs:
[Mn',Mn™,Ge3W54094(H,0)2] ™ (Mng-POM-1) [15], [Mn™,Mn'y(113-O),(H20)4(B-B-
SiWgO31)(B-B-SiWgO34)(Y-SiW10036)]'8~ (Mng-POM-4) [16], 14 manganese containing
POM: [{Mn''3Mn!V,04(OH),(OH,)}»(W6O2)(HaW5032)2 (HyW13046)2 1%~ (Mny4-POM)
[17] and 19 manganese containing POM [Mn'l}9 (OH)12(SiW19037)6]1%*~ (Mn;9-POM) [18].
It is hoped that certain laws can be found for researchers’ reference.

Mn,-POM is synthesized by one pot method from Mn(CH3COO),-4H,0,Najg[a-
SiWgO34]-15H,0 and KCl at 80 °C [13]. The compound is a one-dimensional chain structure
formed by Keggin type units containing two manganese, in which one manganese is diva-
lent and one manganese is trivalent. The structure is shown in Figure 1a.
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Figure 1. (a) Hypothetical formation sequence for chains of [Mn?*Mn3*SiW1yOsg]”~ building
blocks linked via Mn-O-W bridges along ¢ (blue = WOq4 octahedra, green = MnOg octahedra,
yellow = 5iOy tetrahedra). Reprinted with permission from ref. [13]. Copyright 2013 Elsevier Ltd.;
(b) The tetramanganese unit of [Mny(H0)2(PWoOs4),1°~ showing atomic labels. Reprinted with
permission from ref. [14]. Copyright 1995 Elsevier Science Ltd.

Mny-POM was synthesized from precursors Kip[Mny(H0),(PWgOs4),]-41H,0 and
Ky5,04 at 85 °C [14]. Multiple Mn-O-Mn bonds are formed between Mn atoms in the
compound, and the positions of four manganese are close to the plane, of which three
manganese are divalent and one manganese is trivalent. The structure is shown in Figure 1b.

Mng-POM-1 was synthesized from NayWOy, GeO,, HCl, Mn(CH3COO),-4H,0 and
imidazole at 90 °C [15]. The compound is composed of two Keggin units with three
manganese substituted [Mn3GeWoO34]* and a six-vacancy bridged cluster [GeWOq6]'2~.
The structure is shown in Figure 2a, in which each Keggin unit species substituted by
[Mn3;GeWyOs34]*~ contains two divalent manganese and one trivalent manganese.
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Figure 2. (a) Structure of the [MngGez Wy Ogy (H,0),]18~ polyanion. Plum octahedra, {WQOg};
sky blue tetrahedra, {GeOy}; yellow ball, MnlL; orange ball, MnML,  (b) Structure of Mng unit.
Reprinted with permission from ref. [15]. Copyright 2009 Elsevier B.V.

Mnﬁ-P OM-4 was synthesized from Kg [Y-SiW10036]-12H20, MnClz and K2C03 at
40 °C. The compound consists of three inequivalent silicotungstate Keggin fragments
({SiWg}, {SiW}, {SiW1g}) and {Mn4O4} cubane core with an appended “pendant” Mn ion.
The structure of {MnyO4} cubane core is very similar to that of PSII [16]. The compound was
previously confirmed by our research group to have the ability of photo-electrocatalytic
water decomposition [19]. The structure is shown in Figure 3. The compound contains four
divalent manganese and two trivalent manganese.

{SiWi} {SWa}

& .9

(@) (b)

Figure 3. (a) Structure of [Mn!,Mn(113-0), (H,0)4(B-B-SiWgO31 )(B-B-SiWgO34)(y-SiW10036)]'8~.
WOgq purple polyhedra, Mn orange and brown, Si green, O red. (b) The {Mn50Og} cubane core of 1,
described as an appended [Mn™,MnT,O,]%* cubane where Mn1, Mn2, Mn3, Mn5 are connected
to manganese atom Mn4 through oxygen atom O107 from the cube and oxygen atoms O2 and O15
of the {SiWy} cluster. Mn!! orange, Mn!! brown, O red. Reprinted with permission from ref. [16]
Copyright 2011 John Wiley and Sons.
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Mn;4-POM was synthesized from precursors Mnj;-acetate, Na,WO,4, NaOAc-3H,0,
HCI and dimethylamine hydrochloride at 100 °C. The compound contains a total of 14 Mn
centers, which are divided into a pair of Mny cores. Each core is embedded in the shell of
diamagnetic isopolytungstate ligand and well separated from the other [17]. The structure
of Mnjy is shown in Figure 4. Each Mny includes a [Mn!Y 40413 cubic unit, and three Mn!!!
are connected at the periphery. The compound contains 8 tetravalent manganese and
6 trivalent manganese.

(@) (b)

Figure 4. (a) Structure of Mny4-POM. Mn!, purple; Mn!Y, green; WOg, gray octahedra; O, red.
(b) Magnetic cores of Mny. Reprinted with permission from ref. [17] Copyright The Royal Society of
Chemistry 2011.

Mn;9-POM was synthesized from MnCl,-4H,0, Najp[A-x-SiW9O34], NaOH, Na3POy
and HCl at 70 °C [18]. The structure is shown in Figure 5. All 19 Mn! ions are located on
the same plane to form a hexagonal structure based on edge shared MnOg octahedron.

Figure 5. Structure of the Mnj9-oxo-hydroxo core in Mn;9-POM. Protonated oxygen atoms are shown
in pink. WOq red octahedra, Si blue balls, Mn yellow balls, O red balls. Reprinted with permission
from ref. [18]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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In order to more intuitively understand the valence of Mn ions in Mn,POMs, we
summarize it in Table 1.

Table 1. Summary of Mn ion valence in Mn,POMs.

Abbreviation Chemical Formula N (Mn!) N (Mn!H) N (Mn!'Y) Total N (Mn)
Mn,-POM [MnITMn"SiW,,03,(OH)(H,0)]°~ 1 1 0 2
Mm-POM [MI’IH3MI’Im(HzO)z(PW9034)2]97 3 1 0 4

Mng-POM-1 M MnM, Ges Wy Ogy (H,O0), 118 4 2 0 6

I T (1 fae _3-Gi _3-Si -
Mng-POM-4 [Mn™,Mn"y (13-0)2(H20)4(B-B 511;/178031)(3 B-SiW9Os4)(y 4 2 0 6
SiW1903)]
Mn4-POM [{(Mn3Mn' ;04(OH),(OHz)}2 (W5 022)(Ho W5 O32)2 (Hy W13046)2 1%~ 0 6 8 14
Mn19-POM [Mnllg (OH)12(SiW19037)6 1%+~ 19 0 0 19

2. Results and Discussion
2.1. Structural Analysis
2.1.1. Infrared Spectrum (IR) Test

In order to verify that the Mn,POMs were synthesized according to the literature, their
infrared spectra were measured. As shown in Figure 6, we can observe the main char-
acteristic vibration frequencies at 991, 945, 898, 779 and 710 cm ™! (as shown in Figure 6a),
four weak peaks at 662, 642, 538 and 480 (internal diagram in Figure 6a); the main characteris-
tic vibration frequencies at 1105, 1060, 944, 778, 620, 592 and 500 cm ™! (as shown in Figure 6b);
the main characteristic vibration frequencies at 941, 875, 770, 696 and 458 and the weak peaks
at 509 cm ! (as shown in Figure 6¢); the main characteristic vibration frequencies at 1626,
940, 877, 775, 725 and 509 cm~! (as shown in Figure 6d); the main characteristic vibration
frequencies at 1629, 1465, 1438, 1408, 1385, 1020, 943 and 750 cm~L; and the weak peaks
at 676, 631, 597, 569, 487 and 467 cm~! in the illustration (as shown in Figure 6e); The
main characteristic vibration frequencies at 988, 945, 895, 793, 711, 646 and 536 cm™! (as
shown in Figure 6f) are consistent with the infrared characteristic peaks of Mn,-POM [13],
Mny-POM [14,20], Mng-POM-1 [15], Mng-POM-4 [16], Mn14-POM [17] and Mn19-POM [18]
in the literature, which proves that we have successfully prepared the above six Mn,POMs.
There are some small differences between the measured and reported values, which may be
caused by the different instrument used.

Transmittance/%
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Mny-POM
< M, POM-1 o Mn,-POM-1
3 3
5 5
z =
g 696 s ) E
= 770 458 044
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E 2
1626 H g
509 £ §
940 = ®
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Figure 6. The IR spectra of (a) Mn,-POM, (b) Mns-POM, (¢) Mng-POM-1, (d) Mng-POM-4, (e) Mn;4,-POM
and (f) Mnlg-POM.
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2.1.2. X-ray Transmission Spectroscopy

In order to deeply understand the composition of Mnx-POMs and prove that they
were successfully assembled on ITO, the XPS of six Mnx-POMs films electrodes were
tested. As shown in Figures 53-58, according to the high-resolution spectra, we can confirm
that Mn, Si, W and O elements appear in Mn,-POM (Figure S3), Mng-POM-4 (Figure S6)
and Mn;¢-POM (Figure S8), Mn, P, W and O appear in Mny-POM (Figure S4), Mn, Ge,
W and O appear in Mng-POM-1 (Figure S5), and Mn, W and O appear in Mn;4-POM
(Figure S7). The XPS spectra of N1s and Cl2p in Figures S4a and S8a belong to PDDA
and PSS. Figure S7c is the Mn2p diagram of [Mn14-POM]5. There is a narrow peak at
644 eV binding energy, corresponding to Mn** [21], which proves the existence of Mn** in
Mn;4-POM. Figures S3-56¢ have a wide Mn2p3 /, peak at 638 to 644 eV, which is different
from the narrow peak shown in Figure S8c at 640.5 eV, which indicates the presence of
is Mn2*. For the former, there is a wide peak due to the presence of Mn?* and Mn>* in
a compound.

2.2. Electrochemical Characteristics
2.2.1. Cyclic Voltammetry

In order to further verify that Mn,POMs were correctly prepared, the electrochemical
behavior of Mn,POMs in solution was studied by cyclic voltammetry (CV). In Figure 7a, it
is found that there are two oxidation peaks of Mn,-POM at 0.5 and 1.2 V potentials, which
are the oxidation peaks of Mn?*/3+ and Mn3*/4* respectively. At the same time, there
are three reduction peaks at 1.0, 0.85 and 0.4 V, which are Mn*t/3+ Mn*/2* and Mn3+/2*
respectively. It is consistent with the literature. In Figure 7b, it is found that there a peak of
Mny-POM at 0.9 V of oxidation peaks of Mn?*/4* and two reduction peaks at 1.1, and 0.7 V
which are Mn**/3* and Mn**/2* respectively. In Figure 7c, it is found that an oxidation
peaks of Mng-POM-1 at 0.75 V of oxidation peaks of Mn?*/4* and two reduction peaks
at 0.62, and 0.4 V which are Mn**/2* and Mn3*/2* respectively.

It can be observed from Figure 7d that there are three obvious oxidation peaks at 0.3,
0.65 and 1.1 V, respectively corresponding to Mn2*/3*, Mn?*/4*and Mn3*/4*. At the same
time, there are three reduction peaks, at 1.1, 0.75 and 0.15 V, which are Mn#*t/3+ Mn**/2+and
Mn?+/2+ respectively. It is consistent with the literature. It can be observed from Figure 7e
that there is an obvious oxidation peak of Mn®*/4* at 1.1 V, and there are no other oxidation
peaks, because the valence of Mn in Mn4-POM is trivalent and tetravalent, and there is
no divalent manganese. This also confirmed that the synthetic product was Mn14-POM. It
can be observed from Figure 7f that there are three obvious oxidation peaks at 0.53, 0.88
and 1.18 V, respectively corresponding to Mn?*/3*, Mn2*/4*and Mn3*/4*. At the same time,
there are three reduction peaks, at 1.0, 0.7 and 0.4 V, which are Mn#+/3+ Mn#*/2*and
Mn?+/2+ respectively. This confirms the existence of divalent manganese in Mn;9-POM. Tt
is consistent with the literature.

It should be noted that in order to facilitate comparison with the literature, we con-
ducted CVs test of Mn,POMs according to the experimental conditions in the literature,
resulting in differences in the experimental conditions between Mn,POMs, including
pH, Mn,POMs concentration, scan rate, and the composition and concentration of buffer
solution. Thus, redox potentials of Mn are different.
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Figure 7. (a) CV curves of Mn,-POM (0.2 mM) in pH 3 (0.5 M NaySOy4 + HpSOy), scan rate 25 mV/s;
(b) CV curves of Mng-POM (0.1 mM) in pH 5 (0.5 M NaAc-HAc), scan rate 50 mV/s; (c) CV curves of
Mng-POM-1 (0.1 mM) in pH 7 (0.5 M NaAc-HAc), scan rate 50 mV/s; (d) CV curves of Mng-POM-4
(0.1 mM) in pH 5 (0.5 M NaAc-HAc), scan rate 50 mV/s; (e) CV curves of Mn4;-POM (0.1 mM)
in pH 5 (0.5 M NaAc-HAc), scan rate 50 mV/s; (f) CV curves of Mnj9-POM (0.04 mM) in pH 5
(1 M NaAc-HAc), scan rate 10 mV/s.
222.pH
In order to determine the optimal pH value of the subsequent catalytic experiment in
aqueous solution and study the stability of the Mn,POMs at different pH, we tested the
CVs of six Mn,POMs at pH 5/6/7. As shown in Figure 8, most Mn,POMs have obvious
redox peaks at pH 5/6/7, indicating that the Mn,POMs are stable within this range, and
the redox peak of Mn of the Mn,POMs moves to the negative potential direction with the
increase of pH, indicating that there is proton migration in the redox process of Mn. The
redox peak of compound Mnj9-POM decreases with the increase of pH, indicating that the
compound is relatively stable under acidic conditions.
15
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(a) (b) (c)

Figure 8. Cont.
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Figure 8. CV curves of 0.1 mM (a) Mn,-POM, (b) Mny-POM, (c) Mng-POM-1, (d) Mng-POM-4,
(e) Mny4-POM and (f) Mn;9-POM in NaAc/HAc buffer (0.5 M) at different pH (5/6/7), scan rate 50 mV /s.

2.3. Assembly of Thin Film Electrode

We use the layer by layer assembly method to assemble the Mn,POMs to the ITO
electrode surface. See Section 3.3 for the assembly method. In order to verify the repeata-
bility of the assembly method, we monitored the UV-Vis absorption of the films during
the assembly process. At the same time, we also carried out secondary verification by
electrochemical means.

UV-Vis Absorption Spectrum Test

As can be seen from Figure Sla, Mn,POMs has an absorption peak in the ultraviolet
range of 243 to 257 nm. The growth process of [Mn,POMs] n was monitored by UV-vis
spectroscopy. As shown in Figure 9 when comparing the absorption spectra of components
Mn,POMs in the composite film with components Mn,POMs in the solution, it can be
observed that the characteristic absorption peak of Mn,POMs appears in the spectrum
of each layer, indicating that Mn,POMSs has been assembled on the composite film. In
addition, as shown in Figure Slc the absorbance value of Mn,POMs at the characteristic
absorption peak is taken to draw the relationship with the number of composite film
layers. It is found that there is a highly linear relationship between them, which proves
that Mn,POMs grows evenly on the composite film.

Absorbance

Mn2-POM

Mng4-POM-1 Mng-POM-1

Absorbance
Absorbance

300
Wavelength(nm)

(a)

400 500 600 700 800

400
Wavelength(nm)

(c)

600 800 600

400
Wavelength(nm)

(b)

200

Figure 9. Cont.
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()

Figure 9. UV-vis spectra for (a) [Mn,-POM]n, (b) [Mns-POM]n, (c) [Mng-POM-1]n, (d) [Mng-POM-
4]n, (e) [Mny4-POM]n and (f) [Mn;9-POM]n film on quartz slide (1 = 1-5).

2.4. Oxygen Evolution Reaction (OER)
2.4.1. OER of Mn,POMs Solution

Firstly, we compared the catalytic water oxidation performance of MnxPOMs under

the same solution concentration using cyclic voltammetry. From Figure 10, we can see
that under the same potential conditions (E = 1.4 V), the order of the current density for
Mn,POM:s is as follows: Mny4-POM > Mn19-POM > Mn,-POM > Mny-POM > Mngz-POM-4
> Mng-POM-1, while at E = 1.5V, the order is as follows: Mn14-POM > Mn9-POM >
Mny-POM-4 > Mny-POM =~ Mny-POM > Mng-POM-1. See Table 2 for specific values.
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Figure 10. OER CV curves of 0.1 mM (a) Mn,-POM, (b) Mny-POM, (c) Mng-POM-1, (d) Mng-POM-4,
(e) Mny4-POM and (f) Mn;9-POM in NaAc/HAc buffer (0.5 M) at pH="7.
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Table 2. Summary of oxygen evolution reaction current density.
Current Density (uA cm~2) Current Density (1A cm—2)
Mn,POMs E=14V E=15V
Mn;,-POM 75.73 143.2
Mny-POM 72.93 143.4
Mng-POM-1 40.57 111.87
Mng-POM-4 46.69 160.2
Mny4-POM 150.33 195.2
Mn;9-POM 102.6 173.07

2.4.2. OER of Assembled Thin Film Electrode

In order to fix the Mn,POMs on the electrode surface to reuse the catalyst, we chose
the layer by layer assembly method to fabricate Mny,POMs on the ITO electrode surface. See
Section 3.3 for detailed operation steps. We assembled multilayer thin films and monitored
the electrochemical behavior of thin film electrodes. It can be seen from Figure 11a that
the redox peak current density of Mn,POMs on the electrode surface increases with the
increase of the number of assembly layers. It can be seen from the inner graph that the
oxidation peak current density has a linear relationship with the number of assembly layers.
Combined with the regular changes of ultraviolet spectra in Figure 9b,c, we can confirm the
effectiveness of the layer by layer assembly method, and Mn,POMs multilayer thin film
electrodes were successfully prepared. At the same time, we monitored the catalytic water
oxidation performance of the thin film electrode by Linear Scanning Voltammetry (LSV).
It can be seen from Figure 11b that the current density of the electrode catalytic water
oxidation increases with the increase of the number of assembly layers. In order to facilitate
comparison, we selected a representative [Mn,POM]3 for horizontal comparison, as shown
in Figure 12.
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Figure 11. Cont.
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Figure 11. (a) CV curves of [Mn,POM]n film electrode in NaAc/HAc buffer (0.5 M) at pH =7
(the inner graph is the relationship between the oxidation peak current of Mn!"/IV and the number
of assembled layers.) (b) LSV curves of OER of [Mn,POM]n (1 = 1/2/3 or 4) film electrode in
NaAc/HAc buffer (0.5 M) at pH=7.
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As shown in Figure 12a, we compared the OER performance of [Mn,POM]3 thin
film electrode. At E = 1.4 V, Mn;4-POM has the highest current density (250.97 pA cm™2),
followed by Mn19-POM. See Table 3 for specific values. We believe that the catalytic current
of Mn,POM may depend on the amount of Mn in Mn,POM, Mn valence and material
structure. However, according to our experimental results, Mn4-POM current density is
greater than Mn9-POM, and Mn,-POM current density is greater than Mng-POM. The
amount of Mn in Mn,POM is not a decisive factor. We believe that among the six manganese
containing POMs, Mn14-POM has the largest current density, the smallest catalytic peak
starting potential (0.92 V) and the highest catalytic performance, which should be attributed
to its Min-O cluster cubic structure and its manganese in a higher oxidation state. The Mn-O
cluster cubic structure is similar to that of the PSII active center, [Mn;CaOs]. In fact, there
are two trivalent Mn and two tetravalent Mn in [Mn4CaOs], and Mn14-POM is similar to it.
Among them, the view of Mn-O cluster cubic structure is also confirmed in the comparison
of two Mng-POM with the same number and the same valence of Mn. The current density
of Mng-POM-4 (29.73 uA cm~2)with Mn-O cluster cubic structure is more than twice that
of Mng-POM (13.22 nA cm~2) at 1.4 V potential, and the peak onset potential is 1.07 V,
which is 0.15 V ahead of Mng-POM-1.

In Table 4, some study reports regarding the electrocatalytic activity of manganese
containing POMs for water decomposition are listed for comparison. They all adopt the
layer by layer assembly method, which is comparable. In contrast, Mn;4-POM with Mn-O
cubic structure shows better catalytic performance.
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Figure 12. (a) LSV curves of OER of [Mn,POM]; film electrode in NaAc/HAc buffer (0.5 M) at
pH =7; (b) The locally enlarged graph of LSV curves of OER of [Mn,POM]s film electrode.
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Table 3. Summary of initial potential of oxygen evolution reaction.

Mn,POMs Current Density (WA cm—2) E=14V E (V)on
Mn,-POM 36.31 1.28
Mny-POM 11.98 1.26
Mng-POM-1 13.22 1.22
Mng-POM-4 29.73 1.07
Mn4-POM 250.97 0.92
Mn9-POM 59.51 1.04

Table 4. Comparison of electrocatalytic water oxidation properties of different manganese containing POM.

Mn,POMs Current Density (LA cm—2) E=1.5V Ref.

Mn16-Cs € ca.244.4 [9]
NaK-Mn4 b ca. 83 [10]
Mn4-POM 2 479.2 this work

a Conditions: ITO (S = 1.5 cm?), LBL (1 = 4), 0.5 M NaAc + HAc (pH 7), Scan rate: 50 mV/s; b Conditions:
ITO (S =3 cm?), LBL (1 = 4), 1 M NaAc + HAc (pH 7), Scan rate: 50 mV/s; © Conditions: ITO (S = 1.35 cm?),
LBL (n = 4), 0.5 M NaAc + HAc (pH 7), Scan rate: 50 mV/s.

It can be seen from Table 4 that Mn;4-POM in this paper has better OER catalytic
properties compared with other manganese containing POMs tested by the same method.
At the same time, in order to understand the practical prospect of our materials, we
have compared them with precious metal commercial reference materials in Table 5. The
experimental environment is neutral. It is found that there are still some gaps that can
be improved.

Table 5. Comparison of electrocatalytic water oxidation properties of noble catalysts with Mn;4-POM.

Catalysts Eonset (V) vs. Ag/AgCl  E(V) (Current Density = 400 pA cm—2) Ref.

Ptb 0.89 1.02 [22]

[ro2 b 0.89 0.99 [22]
Mn4-POM 2 0.92 1.41 this work

a2 Conditions: ITO (S = 1.5 cm?), LBL (1 = 4), 0.5 M NaAc + HAc (pH 7), Scan rate: 50 mV/s; b Conditions:
0.1 M PBS (pH =7), Scan rate: 5 mV/s.

The durability and stability of materials have also been studied., taking Mn4,POM
as an example. As shown in Figure 13, we compared the electrocatalytic oxidation perfor-
mance of a thin film electrode before and after standing for 48 days. We can observe that
after standing for 48 days, the peak potential of electrocatalytic oxidation of the thin film
electrode moves slightly forward, but the catalytic current density at 1.5 V potential does
not change significantly, it shows that the catalytic components in the thin film electrode can
exist stably on the electrode surface for a long time. Then, the electrode was electrolyzed at
a constant potential for 1200 s, and the LSV test was carried out again. It was found that
the peak potential of electrocatalytic oxidation of the thin film electrode moved slightly
forward, and the catalytic current density decreased by 22%, which was caused by the
partial falling off of the main catalytic components during the test. The stability of other
Mn,POMs materials can be found in the supporting information.
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electrolysis. The inset shows the current time curve of [Mn4POM]j3 film electrode in NaAc/HAc
buffer (0.5M) atpH="7.

3. Materials and Methods
3.1. Materials and Apparatus
3.1.1. Materials

Poly (diallyldimethylammonium chloride) (PDDA) (Mw = 10,000-20,000) and poly
(4-styrene sulfonic acid) sodium salt (PSS) were obtained from Sigma Aldrich (Merck
KGaA, Darmstadt, Germany). Sodium tungstate (NaWO4-2H;0), sodium metasilicate
(NaySiO3-5H,0), Sodium phosphate (NazPOy), disodium hydrogen phosphate (NayHPOy),
sodium hydroxide (NaOH), manganese chloride (MnCl,), manganous acetate tetrahy-
drate (Mn(OAc),-2H,0) potassium carbonate (K,CO3), potassium persulfate (K»S,0g),
hydrochloric acid (HCI), potassium chloride (KCI), germanium dioxide (GeO,), imidazole
and ethanol were analytical grade and used as received. Water was purified by Millipore
Milli-Q (Merck Millipore, Darmstadt, Germany).

3.1.2. Apparatus

A PHS-25B digital acidimeter (Yuechen, Shanghai, China) determined the pH value.
The infrared spectra (IR) were measured on a spectrometer (Bruker Vertex 80V, Bruker,
Karlsruhe, Germany). Absorption measurements (UV-vis) were completed with UV-2700
UV-Visible spectrophotometer (Shimadzu, Kyoto, Japan). The cyclic voltammetry curve
(CV) and the linear sweep voltammetry curve (LSV) were recorded using CHI660e electro-
chemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). X-ray
photoelectron spectroscopy (XPS) analysis was obtained by Escalab 250 X-ray photoelectron
spectrometer (Thermo Fisher Scientific, Waltham, MS, USA).

3.2. Preparation of Polynuclear Manganese Containing Polyoxometalates

Mn,POMs were synthesized according to the literature [13-18]. Please see supplemen-
tary information for details.



Catalysts 2022, 12, 160

16 of 18

3.3. LBL Assembled Composite Film Modified Electrode

Before assembly, the substrate (ITO electrode) needed to be cleaned according to the
literature [23]. The ITO was immersed in 1 M NaOH: CH3CH,OH (V:V = 1:1) mixed
solution, ultrasonically for 20 min, then cleaned with water, and then dried with nitrogen
for standby. Then, the composite film was assembled on the clean substrate by the LbL
assembly method. First, the substrate was immersed in the positively charged PDDA (5%)
solution and left to stand for 20 min. Second, the substrate was immersed in the negatively
charged PSS solution for 20 min. Third, the substrate was immersed in the PDDA (5%)
aqueous solution for 20 min. Fourth, the substrate was immersed in 0.5 mM Mn,POMs
solution with a negative charge for 20 min. After each assembly, the substrate was washed
with water 3-5 times to remove the physical adsorption substances, and then dried with
nitrogen flow. After the above steps, the monolayer [PDDA /PSS/PDDA /Mn,POM]
composite films were prepared. Different layers of [PDDA/PSS/PDDA /Mn,POM]n-ITO
(n = 1-4) composite film modified electrodes were prepared by repeating steps 3 and 4.

3.4. UV-Vis Absorption Spectra

The fabrication process of the samples is the same as that of the LBL assembling
the multilayer film modified electrode in Section 3.3. The only difference is that ITO is
replaced by a quartz slide. Firstly, the quartz glass was cleaned according to the literature
method [24] (different from ITO), and then assembled according to the film assembly steps,
monitoring the assembly process of composite films by UV-vis absorption spectrum.

3.5. Electrochemical Test

A series of experiments were performed to study the PEC catalytic activity for wa-
ter oxidation, ITO/PDDA /PSS/[PDDA /Mn,POM]n was used as the working electrode,
using Ag/AgCl as a reference electrode, and a platinum wire as a counter electrode. The
buffer solution was obtained from 0.5 M pH 7 CH3COONa (NaAc) solutions adjusted by
CH3COOH (HAc). Before the electrochemical experiments, the oxygen in the electrolyte
was removed by purging high-purity nitrogen. All the electrochemical measurements
were performed on an electrochemical workstation (CHI 611E, CH Instruments Co., Ltd.,
Shanghai, China) at room temperature.

4. Conclusions

Via appropriate choice, six Mn-containing POMs, with different structures, compo-
sition, Mn-O clusters and oxidation state of Mn, were prepared and their electrocatalytic
water oxidation performance was investigated under the same experiment conditions in
solution and composite film. The fabrication of the composite films was characterized
by UV-vis spectra and CVs, confirming that the Mn,POMs have been fabricated on the
composite films and their electrochemical properties have been maintained very well in the
composite films. Through a series of controlled experiments, the following rules were ob-
tained: the amount and the oxidation state of Mn ions in Mn,POM affect the electrocatalytic
water oxidation performance; at the same time, the structure of Mn-O clusters in Mn,POM
also affects the electrocatalytic water oxidation performance. After the comparison, it
is found that among the six Mn,POMs, Mn14-POM displays the highest electrocatalytic
performance towards water oxidation. Such observation indicates the oxidation state of
Mn and the structure of Mn-O cluster cubic structure are very important factors impacting
electrocatalytic performance for the water oxidation as the oxidation state of Mn and the
structure of Mn-O cluster in Mn4-POM are the same as that in the photocatalytic active
center (PSII). Therefore, Therefore, this study provides a reference for further screening
water oxidation catalysts with high performance.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal12020160/s1, Figure S1: (a) UV-vis absorption spectra of
MnxPOMs (5 uM) in the aqueous solutions; (b) UV-vis spectra for the [MnxPOMs]n film on quartz
slide; (c) relationship of the absorbance value and layer number at A = 243~257 nm; Figure S2: LSV
curves of OER of [Mn2-POM]1 and [MnxPOM]3 film electrode in NaAc/HAc buffer (0.5 M) atpH =7,
initial, after 48 days, and after potentiostatic electrolysis;; Table S1: Summary of the radio of current
density and the difference of initial potential of OER;; Figure S3: XPS spectra of [Mn2-POM]5(a),
C1s(b), Mn2p(c), Si2p(d), W4f(e) and Ols(f); Figure S4: XPS spectra of [Mn4-POM]5(a), Cls(b),
Mn2p(c), P2p(d), W4f(e) and O1s(f); Figure S5: XPS spectra of [Mn6-POM-1]5(a), C1s(b), Mn2p(c),
Ge3p(d), Ge3d(e), W4f(f) and O1s(g); Figure S6: XPS spectra of [Mn6-POM-4]5(a), C1s(b), Mn2p(c),
Si2p(d), W4f(e) and O1s(f); Figure S7: XPS spectra of [Mn14-POM]5(a), C1s(b), Mn2p(c), W4f(d) and
O1ls(e); Figure S8: XPS spectra of [Mn19-POM]5(a), C1s(b), Mn2p(c), Si2p(d), W4f(e) and O1s(f).
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