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ABSTRACT: Inspired by the natural oxygen evolution reaction of Photosystem II,
the earth-abundant and inexpensive manganese oxides (MnO,) have been recognized
for their great potential as highly efficient and robust materials for water oxidation
reaction (WORs). To date, most of the heterogeneous, synthesized MnO,, catalysts
still exhibit lower activities for WORs, in comparison to RuO, and IrO,. Herein, we
report a single-step and scalable synthesis method for mesoporous MnO, materials
that is developed through a soft-templated method. This method allowed precise
control of Mn**-rich Mn,O; structure as well as pore sizes and crystallinity of these
mesoporous MnO,. These catalysts were investigated for both photochemical and
electrochemical water oxidation, and they presented a superior activity for water
oxidation. The highest turnover frequency of 1.05 X 107> s™! was obtained, which is
comparable with those for precious metal oxide based catalysts (RuO, and IrO,). Our
results illustrate a guideline to the design and synthesis of inexpensive and highly

s

active heterogeneous catalysts for water oxidation.
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1. INTRODUCTION

The design of highly active catalysts for solar-driven water
oxidation reactions (WORs) is critical to develop integrated
artificial photosynthetic systems. Inspired by the Photosystem
IT system catalyzed by Mn tetramer clusters of CaMn,Os,' >
earth-abundant and inexpensive manganese oxides (MnO,)
have been recognized for their great potential as highly efficient
and robust catalysts of WORs.* However, the documented
catalytic activity of MnO,, for WORs is still rather low: at least 1
order of magnitude lower than that of IrO, and RuO,. In order
to improve the catalytic activity of MnO,, much effort has been
devoted to the study of structural properties: e.g., the valence of
Mn centers and the surface properties of catalysts.” "' Mn**
species having longer Mn—O—Mn bonds were found to be
much more active for WORs than Mn?*/Mn* species. Mn?*-
rich structures with labile Mn—O bonds allow for the formation
of surface Mn—OH, species and the cleavage of Mn—0O, bonds,
which facilitates WORs and increases the overall turnover
frequency (TOF) of the catalytic centers.'””'® The controllable
synthesis of MnO, with enriched Mn*" species is therefore
highly desired. In addition, the control of surface properties of
MnO, catalysts, e.g. surface area and surface oxygen
mobility,s’17 is known to be very critical for WORs as well.
For instance, mesoporous catalysts exhibited better catalytic
performance for WORs in comparison to bulk catalysts."*™>°
Jiao et al. reported that nanometer-sized MnO, catalysts
supported on mesoporous silica were highly active for WORs."
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The high surface area of the silica support played a critical role
in the performance of these catalysts. However, the preparation
of mesoporous MnO,, catalysts via the hard template approach
involves a complicated and time-consuming process that limits
the practical applications of those materials. Moreover, the
precise control over the crystallinity and valence of MnO,-
based transition-metal oxides is still challenging due to the
different possible coordination numbers and oxidation states of
Mn centers.

Herein, we report a facile and general synthesis of high-
quality mesoporous MnO,, with the crystal structure of Mn,0O,
using a one-step inverse micelle templating approach.”’ Our
synthesis procedure involves a simple sol—gel process using
manganese nitrate as a precursor and nonionic surfactant P123
as a soft template. By varying the calcination temperature,
manipulation of the crystal structures and size of the Mn,O;
phase of the materials from the amorphous to the bixbyite
Mn, O structure is possible. In comparison to previous species
prepared by a nanocasting (using a hard template) approach,
our synthetic approach has the advantages of (i) being a single-
step wet-chemical synthesis without any post-treatment, (ii)
producing large quantities of mesoporous Mn,O; materials on
gram scales, (iii) tuning the pore size, surface area, and
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Figure 1. (a) SEM and (b) high-resolution TEM images of mesoporous Mn-550 catalyst. The measured lattice distance of 0.38 nm in (b) is
correlated with the (211) plane of bixbyite @-Mn, O structures. Scale bars are S0 nm in (a) and 10 nm in (b). (c) Powder XRD pattern of Mn-550
catalyst. (d) Nitrogen adsorption isotherm and (e) BJH desorption pore distribution diagram of the Mn-550 catalyst. (f) Dissolved oxygen
concentration of photochemical water oxidation for Mn-550 and C-Mn,0; (commercial Mn,0O;) catalysts. Conditions: 1.5 mM of Ru(bpy),*, 13
mM of Na,$,0q 68 mM of Na,SO,, and 3 mg of catalysts in 15 mL of Na,SiFs—NaHCOj; buffer solution (pH ~S.8). The WOR results were

confirmed by at least three individual measurements.

crystallinity of Mn,O, materials, and (iv) most importantly,
precisely controlling the valence transition of MnO, to enrich
the amount of Mn*". The mesoporous Mn,0; materials exhibit
superior activities for photocatalytic WORs. A TOF of 1.05 X
1073 57" for WORS, to the best of our knowledge, is the highest
TOF using synthetic MnO, reported so far.>*>”*

2. EXPERIMENTAL SECTION

2.1. Materials. Manganese(II) nitrate tetrahydrate (Mn-
(NO;),4H,0, >97%), 1-butanol (anhydrous, 99.8%), nitric
acid (HNO;, 68—70%), Mn,0; (99%, ~325 mesh), poly-
(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol) (PEQ,o-b-PPO,(-b-PEO,,, Pluronic P123),
Na,SiFg, Na,S,0g, Na,SO,, and NaHCO; were purchased from
Sigma-Aldrich and used without further purification unless
otherwise noted. K-Cryptomelane @-MnO,, K-Birnessite o-
MnO,, and amorphous manganese oxide (AMO) were
synthesized by following literature procedures.” The [Ru-
(bpy);**] photosensitizer tris(2,2'-bipyridyl)ruthenium(II)
chloride hexahydrate (98%) and commercial RuO, were
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obtained from Strem Chemical Inc. and used as received.
The ultrapure water was obtained using a High-Q, Inc. system
(Model 103S) with a resistivity of >10.0 MQ.

2.2. Synthesis of Mesoporous Mn,0;. Manganese(II)
nitrate tetrahydrate (1.2 g, 4.78 mmol) was first dissolved in n-
butanol (10 g, 0.13 mol), HNO; (~3.5 g in 68% solution, 0.38
mol), and P123 surfactant (1.2 g) in a 150 mL beaker at room
temperature with strong stirring. The solution was then placed
in a preheated oven at 120 °C for 3 h. The obtained deep
brown powder was washed several times with ethanol to
remove the excess surfactant by centrifugation. The final
powder product was dried at 40 °C under vacuum overnight.
The dry powder was then subjected to heating cycles to achieve
the desired crystal structures and mesopore sizes. The sample
was first heated at 150 °C for 12 h. The collected material was
denoted as Mn-150. The further heating processes were
followed by 250 °C for 6 h, 350 °C for 4 h, 450 °C for 2 h,
and 550 °C for 1 h, and the obtained samples were denoted as
Mn-250, Mn-350, Mn-450, and Mn-550, respectively. All heat
treatments were done in an air atmosphere. Caution! The
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annealing treatment of all samples was performed in ovens with
proper ventilation due to release of toxic NO,, gas from the gel.

2.3. Water Oxidation Reaction of Mesoporous Mn,0O;.
Photochemical water oxidation tests were conducted in a 20
mL quartz reaction vessel containing 3 mg of the catalyst, 1.5
mM Ru(bpy),**, 13 mM Na,$,0;, and 68 mM Na,SO, in 15
mL of buffered aqueous solutions (0.022—0.028 M Na,SiF,—
NaHCOj, solution with pH ~5.8). Reactants in the quartz
vessel were sonicated for 1 min and purged with argon for 5
min to remove all dissolved oxygen from the aqueous solution.
The quartz vessel was then irradiated with a continuous output
xenon lamp (250 W). A cutoff filter (4 >400 + 10 nm,
SCHOTT North America, Inc.) was placed between the quartz
vessel and the light source to remove UV light. The amount of
dissolved oxygen was measured using an automatic temper-
ature-compensated needle-type oxygen microsensor based on a
140 um optical fiber (Microx TX3-trace, Presens).

2.4. Electrochemical Oxygen Evolution Study. Linear
sweep voltammetry (LSV), electrochemical impedance (EIS),
and chronopotentiometry experiments were obtained with a
CHI 660A electrochemical workstation. For electrochemical
oxygen evolution studies, pyrolytic graphite carbon working
electrodes were used (surface area ~0.14 cm”) equipped with a
rotating-disk working electrode (RDE) configuration. A
platinum wire was used as a counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. The
potentials reported in this work are referenced to the reversible
hydrogen electrode (RHE) and denoted as RHE potential. The
preparation of the working electrode is as follows: 4 mg of
catalysts and 0.4 mg of carbon (VulcanXC-72) were dispersed
in 2 mL of water/EtOH by sonication. Then, 19 uL of Nafion
solution was added and sonicated for another 20 min. A 15 uL
portion of the solution mixture was dropped on the working
electrode surface and dried overnight before use. CV curves
were iR-compensated and measurements performed from 1.21
to 1.81 V (vs RHE) with a sweep rate of S mV s™' in oxygen-
saturated 0.1 M KOH solution. The working electrode was
rotated at 1600 rpm. The electrochemical impedance spectra
were applying an ac voltage with 5 mV amplitude in a
frequency range from 0.01 to 100 kHz for five cycles. To check
the fitting results, selected experimental data were also fitted
using the ZSimDemo software package (version 3.2). In this
procedure, RC initial estimates were obtained using a circle
fitting function. Similar fitting parameters were obtained using
both software packages. For chronopotentiometric tests, the
current density was fixed at S mA/cm? for the anodic reaction.

The calculation of mass activity and TOF of electrochemical
studies in this work is based on literature published by Guo et
al.** Mass activity (A g™') values were obtained from depositing
the catalytic materials on the working electrode (~0.03 mg)
with measured current density (j, A cm™) at = 0.35 V.
Turnover frequency (TOF) values were obtained using the
following equation, assuming all materials on the working
electrode are involved in the reaction: TOF = jS/4Fn, where j
(A cm™2) is the measured current density at 7 = 0.35 V, S (cm?)
represents the surface area of the working electrode, F (C
mol™") is the Faraday constant, 4 is the number of the electrons
involved in the reaction, and n (mol) is the moles of the metal
atom on the working electrode.

3. RESULTS AND DISCUSSION

The synthetic procedures of mesoporous Mn,O; catalysts are
given in the Experimental Section. 123 Briefly, manganese(II)
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nitrate, P123, and nitric acid were first dissolved in n-butanol.
After it was stirred for 30 min to generate a homogeneous clear
solution, the reaction mixture was placed in an oven running at
120 °C for 3 h. The collected solids were further washed with
excess ethanol to remove the surfactant (solvent extraction). In
order to maintain the mesoporosity of the materials, a stepwise
annealing process was utilized for the structural transformation
of the amorphous structure to crystalline mesoporous Mn,0j;.
The materials were subjected to an annealing cycle between
150 and 550 °C and denoted as Mn-150—Mn-550 hereafter.
The mesoporous Mn-550 catalyst was studied by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Figure lab. The SEM
image clearly showed the porous structure of the material. The
crystal domain size of Mn,O; as well as its pore size are in the
range 10—20 nm. High-resolution TEM analysis showed the
crystalline bixbyite structure of Mn,O; The measured d
spacing of 0.38 nm is attributed to the (211) plane of Mn,0;.
The powder X-ray diffraction (PXRD) pattern clearly shows
the main diffraction peaks of the (211), (222), (400), (332),
(431), (440), and (622) planes, confirming the bixbyite Mn,O5
structures.” The size of aggregated Mn,O; nanoparticles
estimated from the Scherrer equation is approximately 17.3 nm,
which is consistent with our TEM observations. The
mesoporosity with uniform pore size distribution of Mn-550
was confirmed by a type IV nitrogen adsorption isotherm
followed by a type I hysteresis loop. The Brunauer—Emmett—
Teller (BET) surface area of Mn-550 was estimated to be 120
m?* g~ with a pore size of 9.6 nm and a pore volume of 0.42
cm? g_l.

Photocatalytic water oxidation was studied using a Ru-
(bpy);**—Na,S,04 system (E(Ru**/Ru**) = 124 V) and
mesoporous Mn-550 as a catalyst.’ The overall photochemical
reaction of the WOR is 2Ru(bpy);** + S,04* + hv —
2Ru(bpy);** + SO,>", where S,04” is the sacrificial electron
acceptor. The generated Ru®* species can be reduced back to
Ru®" by removing one electron from the Mn catalyst while
water molecules are oxidized to form O, by losing electrons to
the catalysts. The evolved oxygen concentration was monitored
using a needlelike oxygen microsensor (temperature compen-
sated optic oxygen meter). The Mn-550 material showed a
superior activity for oxygen evolution under these conditions
(Figure 1f). The dissolved oxygen content quickly increased to
270 mmol/mol of Mn after 6 min of irradiation. The TOF
number of Mn-550 reached 1.05 X 107> s/, which is nearly 1
order of magnitude higher than that of a commercial Mn,O;
(C-Mn,0;) material which has a TOF of 1.85 X 10~* s™". This
TOF value is the highest among the synthetic manganese
oxides (see Table S1 in the Supporting Information). Mn,0O;
materials are known to be the most active phase for water
oxidation among all manganese oxide phases.”'> As a
comparison, commercial RuO, and Mn,0O; were also tested
under the same reaction conditions. RuO, has a TOF of 3.87 X
1073 57!, which is much higher than that of C-Mn, 05, whereas
the Mn-550 activity was comparable to that of RuO, materials.
Such a dramatic enhancement in WOR catalytic activity is
presumably because of the high surface area and the uniform
mesoporous size distribution of the Mn-550 material.

To understand the correlation between the nanostructures
and catalytic performance of mesoporous Mn,0; catalysts, we
further investigated the effect of calcination temperatures on
the catalytic performances of mesoporous Mn,Oj catalysts. The
mesoporous MnO, catalysts calcined at lower temperatures
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(mesoporous Mn-150, -250, and -350) exhibited poor
crystallinity, as they were shown to be nearly amorphous by
XRD (see Figure 2a). Upon calcination at temperatures of 450
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Figure 2. (a) Powder XRD patterns and (b) Raman spectra for
synthesized mesoporous MnO, catalysts with different calcination
temperatures. The observed main diffraction peaks of Mn-450 and
-550 in (a) are ascribed to bixbyite Mn,0; (211), (222), (400), (332),
(431), (440), and (622) planes.

°C and higher, the bixbyite Mn,O; structure was identified.
Table 1 summarizes the physicochemical properties of
mesoporous materials obtained at different calcination temper-
atures. The surface areas of all mesoporous materials are in the
range 129—226 m”/g, much higher than that of C-Mn,0; (11
m?*/g). The pore size and pore volume increased solely with
calcination temperature due to the increase in nanoparticle
size.”’ The crystal domain size of mesoporous Mn,0O; was also
enhanced with an increase in calcination temperature, as was
observed from low-angle XRD diffraction peaks (see Figure S9
in the Supporting Information). For example, the crystal
domain size of Mn-150 is ~2.6 nm, while Mn-450 has a crystal
domain size of ~11.5 nm. The structural evolution of

mesoporous Mn,O; materials obtained at different calcination
temperatures was investigated using Raman spectroscopy (see
Figure 2b). For Mn-150 and Mn-250 samples, one strong band
at 646 cm™' can be assigned to the Mn—O breathing mode of
the divalent Mn ions in tetrahedral coordination and the other
small peak at the range of 200—400 cm™' may correspond to
asymmetric stretching of bridging oxygen species (Mn—O—
Mn). These spectra are very similar to those of reported
amorphous manganese oxide (AMO),” suggesting that Mn-150
and Mn-250 possibly consist of layered hydroxides. At higher
calcination temperatures, new peaks at 311 and $70—770 cm ™"
arise, which can be attributed to the out-of-plane bending
modes and symmetric stretching of bridging oxygen species
(Mn—O—Mn), respectively.”> These vibrational bands are
identical with the Raman spectrum of C-Mn,0O; further
confirming the structural transition of MnO, materials from
amorphous layered structures to bixbyite Mn,0;. The
transition temperature of MnO, materials in Raman studies is
obviously lower than that in XRD results. This is possibly
because of the low crystallinity of MnO, calcined at 350 °C that
cannot be observed using XRD.

The WOR activities of all samples obtained at different
calcination temperatures were studied under identical con-
ditions (Figure 3). The dissolved oxygen content quickly
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Figure 3. Dissolved oxygen concentration of photochemical water
oxidation for mesoporous manganese oxide materials calcined at
different temperatures. Conditions: 1.5 mM of Ru(bpy);?*, 13 mM of
Na,$,0; 68 mM of Na,SO,, and 3 mg of catalyst in 15 mL of
Na,SiFc—NaHCO; buffer solution (pH ~5.8). The WOR results were
confirmed by at least three individual measurements.

increased with an increase in calcination temperature, indicating
the enhanced catalytic activity for WORs. The turnover number
of the Mn-150 sample is 1.51 X 107™* s7', close to that of the
nonporous C-Mn,O; sample (see Table 2). The crystalline
mesoporous Mn,Oj catalysts calcined at 450 °C (Mn-450) and
550 °C (Mn-550) obviously exhibited higher activity than the
ones calcined at lower temperatures. The TOF number

Table 1. Structural Parameters of Mesoporous Manganese Oxide Materials

material Sger (m? g71)? P (nm)® V (em® g7)° L (nm)? D (nm)° cryst structure (XRD)
Mn-150 129 2.7 0.21 2.6 N/A amorphous
Mn-250 182 3.4 0.24 7.8 N/A amorphous
Mn-350 226 34 0.24 8.1 N/A amorphous
Mn-450 150 43 026 115 114 Mn,O, (bixbyite)
Mn-550 120 9.6 042 N/A 173 Mn, O, (bixbyite)
C-Mn,0; 11 N/A N/A N/A 354 Mn,0; (bixbyite)

“Surface area obtained from Brunauer—Emmett—Teller (BET) measurements (Sggr). “BJH desorption pore size distribution (P). “BJH desorption
pore volume (V). dLow-angle XRD peak position (L). “Scherrer’s crystallite size (D).
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Table 2. Summarized WOR and OER Activities of Mesoporous Manganese Oxide Catalysts

catalyst 7 at ] = 10 mA cm? (mV) mass activity at 7 = 0.35 V (A g7*)* resistance R, () TOF at = 035V (s7") TOF of WOR

MnO-150 N/A® 275 567 1.57 x 107 1.51 x 107*
MnO-250 N/A® 21.02 394 120 x 107° 315 x 107
MnO-350 575 25.83 284 148 x 107° 431x 107*
MnO-450 507 3523 165 2.01 x 1073 7.70 X 107*
MnO-550 N/A? 9.60 539 549 x 107 1.05 x 107
C-Mn,0, N/A® 248 1530 142 x 107* 1.85 x 107*
RuO, 415 183.62 168 1.15 X 1072 3.87 x 1073

“Failed to reach J = 10 mA/ cm~? under our experimental conditions.

increased from 4.31 X 107" to 7.70 X 107* s™' when the (a) 5o

calcination temperature was increased from 350 to 450 °C. The 209 Mn250

formed Mn?*-rich crystalline Mn,Oj structures of Mn-450 were — Mn-350

believed to be crucial in the improvement of catalytic activity. o 15+ :m:‘;:g

When the calcination temperature was increased to 550 °C, the g —— C-Mnz0:

TOF of Mn-550 increased to 1.05 X 1073 s7%, even though the <« 10{—RuO:

surface area started to decrease. E
Electrochemical oxygen evolution reactions (OERs) of ~ 5]

mesoporous Mn,0; materials were further explored to confirm

the WOR results. Using the rotating-disk electrode (RDE) 0

system in a three-electrode chemical cell, linear sweep = T BAARS T T ARR

. 13 14 15 16 17 18

voltammetry (LSV) was done in an o:iygen-saturated 01 M (b) E /V vs. RHE

KOH solution with a scan rate of S mV s™' and a rotation speed e Mn150 e

of 1600 rpm. The catalytic materials were mounted on the 1000 —.— Mn-250 Rs j»

surface of pyrolytic graphite carbon working electrodes before ——Mn-350 Re v

the measurements. The OER results are summarized in Figure _ 800 :m:‘ggg

4a and Table 1. The OER activities of all materials showed E 600] —— C-Mn:0:

trends similar to those of the photochemical systems, except for (©) ——Ru0:

Mn-550. Mn-450 exhibited the highest activity for OERs. The £ 400

overpotential (17) of Mn-450 at a current density of 10 mA N

cm ™ is 507 mV. The calculated TOF of Mn-450 at 77 = 350 mV 200

is 2.01 X 1073, which is higher than TOF value (7.70 X 107*)

from the photochemical system. Again, in comparison to the 0'0 300 600 900 1200 1500

nonporous C-Mn,0; with a TOF of 1.42 X 10™*, Mn-450 is at Z;eq1 (Ohm)

least 1 order of magnitude more active. From Figure S15 in the
Supporting Information, the derived Tafel plot showed that
Mn-450 has the highest exchange current value. Commercial
RuO, was also tested for OERs under similar conditions. RuO,
shows a lower overpotential (# = 415 mV) in comparison to
that of Mn-450. However, the current density of Mn-450
approached that of RuO, after # > 550 mV, suggesting that the
electron transfer rate of Mn catalysts may increase more quickly
with an increase of applied potential. Furthermore, the
durability of the catalysts was examined by chronopotentiom-
etry at a current density of 5 mA/cm” (Figure S17 in the
Supporting Information). The results demonstrate that Mn-450
has a good electrochemical stability along with activity, as the
overpotential remained nearly constant for more than 10 h.
Moreover, the original Mn,O; crystal structure and meso-
porosity did not show obvious changes after the reaction
(Figure S18 in the Supporting Information). In case of pure
RuO, catalyst, instability is a disadvantage with long charge—
discharge cycling tests, even though the activity is higher.”®
Therefore, when the above performance factors are combined,
mesoporous manganese oxide (Mn-450) is both more durable
and more feasible than RuO,.

The electrochemical impedance spectroscopy (EIS) techni-
que was used to elucidate the kinetics and mechanism of
oxygen evolution.””~** The low-frequency area of the Nyquist
plot (Z,.y vs —Z,,) was presented, corresponding to the charge
transfer resistance (R) of the catalytic materials. The fitted

1697

Figure 4. () Linear sweep voltammetry curves for mesoporous MnO,,
materials for electrochemical oxidation of water with comparison to
RuO,. (b) Nyquist plot at a frequency region of 0.1—100000 Hz
obtained from electrochemical impedance measurements at an applied
potential of 1.71 V (vs RHE). All measurements were carried out in
0,-purged 0.1 M KOH solution at a scan rate of S mV s™" with a RDE
at a rotation rate of 1600 rpm. The inset graph represents a fitted
equivalent circuit model used to obtain charge transfer resistance of
the OER catalysts. Definitions: R, active electrolyte resistance; Cg,
double-layer capacitance; R, active charge transfer resistance; Z,,
specific electrochemical element of diffusion W.

equivalent circuit and model are presented in Figure 4b. First,
the R, value of commercial Mn,0O; is 1530 €, while all
mesoporous Mn,O; materials have much lower R, values in the
range of 165—567 Q on measurement under the same
experimental conditions. R, values increase in the order Mn-
450 > Mn-350 > Mn-250 > Mn-550 > Mn-150. The R, value is
inversely proportional to the electron transfer rate. Therefore, a
lower R, value means the material has a faster electron transfer
rate and can be correlated with higher activity in OERs. Overall,
the measured R, values are consistent with the OER activities.
Second, Mn-450 has an R, value similar to that of RuO, (165
and 168 Q, respectively). Such enhanced kinetics may be
ascribed to the formation of a highly crystalline Mn,O; phase at
450 °C that subsequently increases the electronic conductivity
of the electrode.

DOI: 10.1021/cs50173%e
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As structural or surface Mn®* species can act as precursors for
oxygen production in WORSs, a higher Mn*" content might be
responsible for the higher WOR activity. To determine the
Mn®" content of the catalysts, all mesoporous MnO, species
were first studied by X-ray photoelectron spectroscopy (XPS).
XPS spectra of the mesoporous MnO,, materials in the Mn 2p
region are shown in Figure S10 and Table S2 in the Supporting
Information. The Mn 2p;,, binding energy slightly decreased
from 642.3 eV for Mn-150 to 642.1 eV for Mn-550, indicating
an increase of the Mn valence at higher calcination temper-
atures. The deconvolution of the Mn 2p;,, peak revealed that
the ratio of Mn**/Mn>*/** increased with calcination temper-
ature (Table S2). This further confirmed the phase transition
from amorphous hydroxides to an Mn**-rich Mn,0, phase with
the heat treatment.®® More detailed valence studies of Mn
centers were carried out, using Mn K-edge X-ray absorption
near-edge structure (XANES) analysis (Figure S). To identify
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Figure S. (a) X-ray absorption near-edge spectra (XANES) of Mn K-
edge spectra of mesoporous Mn,0; materials depicted with a
normalized Y axis. (b) Average oxidation state of Mn for mesoporous
Mn,O; materials derived from an Mn K-edge absorption threshold.

Mn oxidation states, the Mn K-edge absorption threshold was
determined from the first derivative of the near-edge region and
least-squares linear combination fitting was used, accompanied
by reference samples.’** Accordingly, the average oxidation
state of mesoporous MnO, materials was found to be gradually
increasing from 2.77 to 2.97 (~0.4 eV edge shift) when the
calcination temperature was increased from 150 to 550 °C. The
final valence of Mn was very close to that of the commercial
Mn,0; standard sample. The results clearly showed the
oxidization of MnO, materials during calcination and structure
transformation from amorphous hydroxides to bixbyite Mn,O;
structures.

Another structural parameter that might be also important
for the enhanced catalytic activity is the high, accessible surface
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area of these crystalline mesoporous materials. Unlike conven-
tional mesoporous materials, the mesopores in these materials
are formed by connected intraparticle voids formed between
the close-packed nanocrystals of manganese oxide. The
mesopores formed by intraparticle voids show higher thermal
stability for applied heat treatments (up to 550 °C), resulting in
highly crystalline wall structures. Therefore, one can use the
combined advantages of the Mn,O; phase and high surface
areas for WOR catalysis. The more exposed (accessible)
catalyst surface minimizes the mass-transfer limitation and
increases the catalytic activity.>® In order to better evaluate the
roles of surface area and crystallinity, we calculated the
normalized (with respect to surface area) TOFs of WORs.
The most crystalline C-Mn,0O; sample showed the highest
surface area normalized activity, indicating the crucial role of
crystallinity. However, the less crystalline Mn-450 sample has
higher total activity due to the significantly higher surface area
(150 m* g”"' vs 11 m* g™") despite having lower normalized
WOR activity (see Table 1). The increase of crystallinity can
decrease the trapping of electrons or charge recombination
during water oxidation and enhance the electron transfer rate.
Similar results have already been reported in TiO,-related
materials.>*** However, mesoporous manganese oxides showed
better catalytic activity than their commercial analogue (C-
Mn,0;) because of both their crystalline nature and high
surface area.

4. CONCLUSION

In summary, mesoporous MnO, with tunable mesoporosity
and crystallinity along with high surface areas were synthesized
via a single-step soft-templated (inverse surfactant surfactant
micelles) wet-chemistry approach. The pore sizes as well as the
crystallinity of mesoporous MnO, catalysts can be well-
controlled by a simple calcination process without the collapse
of mesoporosity. The mesopore sizes can be controlled
precisely in the range of ~2.5—10 nm while preserving a high
surface area (up to 226 m*/g). The MnO, materials showed
superior activities for WORs and OERs compared to
nonporous commercial Mn,O; catalysts. The highest TOF
value (1.05 X 107 s7!) was achieved by the sample calcined at
550 °C (Mn-550). These TOF numbers are comparable to the
most active RuO, (3.87 X 107 s7'). The enhanced catalytic
activity is correlated with the increase of Mn>* concentration
(in a highly crystalline Mn,0; phase) with increasing
calcination temperature, as confirmed by XPS and XANES
studies. The high surface area of the mesoporous manganese
oxide samples was found to be another crucial parameter
dictating the catalytic activity. Our study illustrates a general
guideline to the design and synthesis of inexpensive and highly
active heterogeneous catalysts for water oxidation.
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