Polyhedron 171 (2019) 32-40
Contents lists available at ScienceDirect

Polyhedron

journal homepage: www.elsevier.com/locate/poly

Creation of controllable cationic and anionic defects in tunnel 1)
manganese oxide nanowires for enhanced oxygen evolution reaction ity

Patrick ]. West, Bryan W. Byles, Ekaterina Pomerantseva *

Materials Electrochemistry Laboratory, Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19104, USA

ARTICLE INFO ABSTRACT
Article history: The development of efficient oxygen evolution reaction (OER) catalysts is crucial to the environmental
Received 7 April 2019 and economic feasibility of electrolysis for the production of hydrogen gas. In this work, two facile chem-

Accepted 26 June 2019

- ) ical treatments, acid leaching and transition metal doping, were shown to modify the chemical and struc-
Available online 9 July 2019

tural properties of low cost and environmentally friendly o-MnQO, nanowire catalysts resulting in
increased OER activity. Through a combination of XPS and XRD analyses, it was shown that a molten salt

KeyWOITdS-' y . treatment of a-MnO, nanowires with Co(NOs). introduced Co?* ions into the structural tunnels. The
j\llll:l:]l?: Mn:qglganese Oxlde nanowires introduction of minimal amounts of cobalt (<6 at. %) more than doubled ultimate current densities
= 2

Oxygen evolution reaction (OER) ach_ievecl in linear sweep vo_l[ammetry tests. This result was attril_)uted to a reduction of the average ox_i—
Oxygen vacancies dation state of manganese in Co-doped samples and a decrease in Tafel slope below 80 mV-dec . Acid
Cobalt doping leaching, on the other hand, is believed to modify nanowire topography through the creation of oxygen
and manganese vacancies, exposing more active sites to participate in catalysis. A characterization
approach combining atomic absorption spectroscopy and iodometric titration revealed a 5.1% increase
in oxygen vacancies after 72 h of interaction with nitric acid. When these controllable defect formation
approaches were applied in tandem, the high activity of the cobalt-doped samples was combined with
the increased number of exposed active sites achieved through acid leaching producing a highly efficient
electrocatalyst with more than a 3-fold increase in OER activity over pristine «-MnO, nanowires. Our
results establish that scalable and easy-to-implement approaches, such as acid leaching and transition
metal doping, can lead to more than a three-fold increase in OER activity of low-cost non-toxic man-
ganese oxides. This methodology can be beneficial for other material systems used as OER
electrocatalysts.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction cathodic hydrogen evolution reaction (HER, Eq. (2)) causing OER to
be the major hurdle in achieving high efficiency hydrogen produc-
As of 2010, the majority of hydrogen in the United States is pro- tion via electrocatalysis [2].
duced via the reformation of methane gas and water vapor, which
results in carbon monoxide and hydrogen gas [1]. The potential for 2H,0() — Oy +4H" +4e” (1)

a more environmentally conscious method for hydrogen produc-
tion exists in the two-step electrolysis process, wherein water is
split into hydrogen and oxygen gases via the application of a direct 2H" +2e” — Hy, (2)
current. Electrolysis is a carbon free method to produce hydrogen
that does not result in the formation of harmful greenhouse gases,
and electrolysis coupled with renewably sourced electricity from
solar cell or wind is an attractive alternative to current hydrogen
production methods [1]. The anodic half reaction of electrolysis,
the oxygen evolution reaction (OER, Eq. (1)), is a four-electron pro-
cess with higher voltage requirements and slower kinetics than the

Precious metal oxides, such as RuO, and IrO,, have been investi-
gated as catalysts to reduce the overpotential in OER and have
demonstrated excellent initial catalytic activity, but readily oxi-
dized into RuO4 and IrO3 in alkaline solutions [2,3]. Moreover, their
high cost has prompted extensive research into alternative and
more affordable OER catalysts, bringing period 4 transition metal
(Mn, Fe, Co, and Ni) oxides to the forefront of investigation [4]. Man-
ganese oxides are particularly promising as OER catalysts due to

* Corresponding author. their stability in aqueous alkaline environments and versatility of
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family of materials [2,5]. These properties combined with ease of
production, low cost, and environmental friendliness make man-
ganese oxides attractive candidates for further exploration [6,7].

Comparative studies of several MnO, polymorphs carried out by
the Stahl group and the Suib group, suggest that a-MnQO,, also
known as hollandite-type manganese oxide, is the most catalyti-
cally active manganese oxide crystal structure in OER in alkaline
environments [8-10]. Additionally, the one-dimensional nanowire
morphology attainable by o-MnO, have been shown to be more
active towards OER catalysis compared to lower surface area parti-
cles, such as platelets or nanosheets [7]. Therefore, &-MnO; nano-
wires are a promising manganese oxide for further modification
with the aim of enhancing electrocatalytic performance.

The crystal structure of the ®-MnO, phase (space group I[4/m), is
composed of corner and edge sharing MnOg octahedra arranged in
tunnels around stabilizing ions and water molecules (Fig. 1). Here
we focused on K' ion stabilized «-MnO, with a chemical composi-
tion of K;MnO, and commonly reported f values of 0.11 [11]. At
the same time, a-MnQO, polymorphs with the  values reaching
as high as 0.75 are known as well [12]. The ionic content within
these structural tunnels results in a mixed Mn>*/4* oxidation state
of manganese ions. Much work has been done to manipulate the
average oxidation state of Mn to be more favorable to OER activity
in various manganese oxides [8,9], with common approaches
involving nanoparticle decoration [ 13], the introduction of catalyt-
ically active species like Co [14] or Ni [15] into layered phases, and
the introduction of cation and anion point defects [16].

In this work, we expanded on this progress by providing a facile
and tunable route for the introduction of cobalt dopant ions into
the structural tunnels of ®-MnO, nanowires. Additionally, acid
leaching, a powerful technique previously shown to partially
remove stabilizing ions in tunnel manganese oxides [12,16-19],
affect the oxidation state of manganese in structural tunnels and
create oxygen vacancies through a Mn®' ion disproportionation
mechanism [16], was explored to improve the catalytic activity
towards OER. Following trends identified elsewhere [6], the chem-
ical and structural changes introduced via interactions with nitric
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acid and cobalt nitrate, both independently and in tandem, were
shown to greatly improve the OER catalytic activity of a-MnO,
nanowires, attributed to the creation of defect-rich mixed compo-
nent systems. Moreover, the tunable nature of these treatments
allows for precise control over the anion and cation sublattices of
manganese oxides in a way that has not been utilized in past to
enhance the catalytic activity of the sample for electrochemical
water splitting applications.

2. Experimental
2.1. Synthesis and chemical modification of «-MnO- nanowires

o-MnQO, nanowires were prepared following a procedure
reported by Gao et al. [20] 316 mg of KMnO, (Acros Organics)
and 108 mg of dehydrated NH4Cl (Stream Chemicals) were dis-
solved in 100 mL of deionized H,0. The solution was stirred until
complete dissolution of the precursors, and then aliquots of
20 mL were added to 23 mL Teflon™ autoclaves (Parr Instruments).
The autoclaves were heated at 150 °C for 50 h. The formed solid
product was thoroughly washed and dried at 100 °C for 12 h.

Acid leaching was performed by adding 300 mg of pristine pow-
der to 100 mL of 16 M HNOs solution (Fischer Scientific, 70% by
volume). The material was stirred in the acid solution at medium
speed for 72 h [17]. Samples were then filtered out of the solution
and thoroughly washed with DI water until neutral pH via vacuum
filtration. Typically, 300 mL of DI water per 100 mg of material was
added in aliquots of 100 mL. Samples were then dried at 100 °C for
12 h in an oven.

In a typical cobalt doping experiment, 5 g of Co(NOs3),-6H,0
(Acros Organics) was placed in a 23 mL Teflon™ liners (Parr Instru-
ments) and heated on a stir plate until Co(NO3);-6H,0 melted
(T =55 °C) forming an aqueous solution of cobalt nitrate. This
step was followed by dispersing 20 mg of pristine o-MnO, or acid
leached o-MnO5 (AL o-MnQ,) nanowires in 5 mL of formed warm
Co(NOs3),-solution, placing Teflon™ liners containing the dispersion
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Fig. 1. Schematic illustration of the chemical modification approaches explored in this work with the aim to enhance catalytic activity of «-MnQ, nanowires in OER. Acid
leaching was carried out at room temperature in concentrated nitric acid. Cobalt doping was achieved by holding «-MnO, nanowires in Co(NOs}, melt at 120 °C. Defect-rich
o-MnO; nanowires, combining modifications in both anionic and cationic sublattices, were obtained by first reacting pristine nanowires with nitric acid and then with the

cobalt nitrate melt.
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into stainless steel autoclaves and heating them at various temper-
atures (80°, 100°, and 120 °C) for 8 h. The obtained powder was fil-
tered, thoroughly washed with DI water, and dried at 100 °C for
12 h in an oven.

2.2. Material characterization

Phase composition was identified utilizing X-ray powder
diffraction (XRD) with a Rigaku SmartLab X-Ray diffractometer
(Japan) using Cu Ko radiation and a step size of 0.02° 20. Sample
morphology was characterized using a Zeiss Supra 50VP (Ger-
many) scanning electron microscope (SEM) with an energy disper-
sive X-ray (EDX) spectroscopy attachment. The K:Mn ratio in the
chemical composition of materials was determined by EDX and
verified with atomic absorption spectroscopy (AAS). AAS tests were
performed using a Varian 240FS flame atomic absorption spec-
trometer (Agilent Technologies) with an air-acetylene flame and
single-element hollow cathode lamps. For AAS testing, samples
were prepared by dissolving 10 mg of manganese oxide in a 5%
HNO; and 3% H,0; solution. Thermal stability of acid leached sam-
ples was evaluated via thermogravimetric analysis (TGA) using a
TA Instruments Thermogravimetric Q50 Analyzer, with a ramp rate
of 10 °C minute ! from room temperature to 1000 °C under argon
gas. Average oxidation states of manganese, cobalt and oxygen
were determined through X-ray photoelectron spectroscopy (XPS,
Physical Electronics VersaProbe 5000).

2.3. lodometric titration

An iodometric titration (IT) method adapted from reports by
Laiho et al. [21] and Vazquez-Vazquez et al. [22]| was used to assess
the average oxidation state (AOS) of Mn in the pristine and acid-
leached o-MnO; nanowires. A known amount of ground nanowires
was dissolved in a solution of excess KI and HCl. The chlorine ions
reduce manganese producing Mn?" ions and Cl, (Egs. (3) and (4));
the latter reduces 1 to I (Eq. (5)), which is accompanied by a
change of the solution color to umber. This solution was then
titrated until clear using Na,S,03 (Eq. (6)):

2Mn" +2C1 — Cl, + 2Mn" (3)
Mn" +2C1 — Cl, + Mn" (4)
Cl+2I" = 2C +1 (5)
25,05 +1, -2 +S,07 (6)

The chemical formula of o-MnO, (or more accurately,

Ko.1sMnO,) can be rewritten as K0,15MnI1" HMI]:’OZ and through sto-
ichiometry o is found by Eq. (7):

VxnsM
o= —

— 1 (7)

where V is the volume of S;0% " solution titrated, n is the normality
of the of the 5,03 solution (in this case 0.2 N), M is the molar mass
of the sample and m is the mass of the sample. o, as found via iodo-
metric titration, can also be expressed as the ratio of Mn*" to the
total amount of Mn and can quickly be found by subtracting 3 from
the average oxidation state. More details on using this approach for
determining chemical composition of pristine and acid-leached
o-MnQO; nanowires are given in Supporting Information (Appendix
A). This technique however cannot be used for the Co-doped
o-MnO, nanowires, because of the side reactions that are known
to occur between cobalt ions and chlorine.

2.4. Electrochemical characterization

The OER performance of the pristine and chemically modified
o-MnO, nanowires was evaluated using a Pine Research Instru-
mentation Modulated Speed Rotator (MSP). Working electrodes
were fabricated via drop-casting of inks composed of a 1:1 ratio
of active material to carbon black (Alfa Aesar) in 45 uL Nafion® bin-
der (lon Power) and 350 pL ethanol onto a glassy carbon working
electrode (mass loading 0.25 mg/cm? of active material). Linear
Sweep Voltammetry (LSV) experiments were carried out at 1600
RPM in 0.1 M KOH (Sigma Aldrich) electrolyte over a voltage win-
dow of 1.0-1.85V vs RHE. The tests were performed with a gra-
phite counter electrode and a Ag/AgCl reference electrode (CH
Instruments, Inc.).

3. Results and discussion
3.1. Acid leaching and cobalt doping

The morphology and structure of pristine and chemically mod-
ified ®-MnO, nanowires were characterized using SEM and XRD
analysis, respectively (Fig. 2). The XRD patterns of all four synthe-
sized materials were indexed to JCDPS file #44-014 and indicated
that no impurities were detected (Fig. 2a). Comparing the XRD pat-
terns of pristine and acid-leached «-MnO; nanowires shows a shift
to a higher 20 values for all reflections after interaction with nitric
acid (Fig. 2a, b). This shift was attributed to a contraction of the lat-
tice due to the removal of stabilizing K* ions from the structural
tunnels of a-MnQ,, as confirmed by EDX spectroscopy and AAS
(Tables 1 and Table S1 in Supporting Information). By varying the
time of interaction between nanowires and concentrated nitric
acid, it was found that the maximum time that does not lead to
the phase transformation was ~72 h (Supporting Information,
Table S1). Therefore, these conditions were used to obtain acid-lea-
ched o-MnO, nanowires throughout this work, labeled as 72 h AL
o-MnO,. Unit cell parameters determined using Rietveld refine-
ment showed a decrease in the unit cell parameter a from 9.832
(5)A to 9.761(4) A after acid leaching (Supporting Information,
Table S2). The unit cell parameter c of the tetragonal unit cell, how-
ever, remained relatively unchanged at 2.852(2) A, showing that
the unit cell contraction occurs mainly in the a-b plane, or across
the face of the tunnels. This decrease in unit cell parameter a and
the removal of K" ions suggest a H'-K" ion exchange, consistent
with previous reports on acid leaching of tunnel manganese oxides,
like o-MnO- [18].

Cobalt doping was carried out at three temperatures (80, 100,
and 120°C) for 8 h. Interaction of o-MnO; nanowires with the
cobalt nitrate melt at temperatures higher than 120 °C and dura-
tions longer than 8 h failed to preserve one-dimensional morphol-
ogy of the particles and were not further investigated. Cobalt
doping allowed for the introduction of cobalt ions into the o-
MnO, crystal structure. AAS analysis revealed that cobalt content
increased linearly with temperature to form Cogg2Mn0O,, Cogos-
MnO,, and Cogg4sMn0O,, for annealing performed at 80, 100, and
120 °C, respectively. Rietveld refinement of the XRD patterns
(Fig. 2a, b) revealed that in case of Cog,04MnO; the unit cell param-
eter a decreased from 9.832(2) A to 9.817(3) A, but the ¢ parame-
ters remained relatively constant at 2.849(3) A and 2.855(05) A for
pristine and cobalt-doped materials, respectively (Table S2). Under
the same synthesis conditions at 120 °C for 8 h in Co(NOs), melt,
the acid-leached sample allowed for a higher amount of interca-
lated cobalt, forming a material with the chemical formula of o-
Cog.06Mn0O,, which is largely attributed to the lower K* ion content
and a more open crystal structure in defect rich acid-leached sam-
ples allowing for cobalt ions to be more readily incorporated into



PJ. West et al./Polyhedron 171 (2019) 32-40

(a) [ Cobalt-Doped ' '
Acid-Leached

—% | Cobalt-Doped

—

>~

= | Acid-Leached

c

o

=

=

Pristine
10 20 30 40 50

2 Theta (degrees)

—
(=3
—

Intensity (i/i,)

35

(200)

Fig. 2. Structure and morphology characterization of a-Mn0, nanowires in the pristine and chemically modified forms. (a) XRD patterns and (b) a close-up view of the (2 0 0)
reflection in XRD patterns of the pristine, acid-leached, Co-doped, and Co-doped acid-leached o-MnO, nanowires. (c—f) SEM images of the ground (c) pristine, (d) acid-

leached, (e) Co-doped, and (f) Co-doped acid-leached «-MnO, nanowires.

Table 1

Synthesis conditions and chemical composition of pristine and chemically modified ¥-MnO, nanowires.

Sample name Synthesis conditions

Chemical composition

Pristine o-MnO»

72 h AL o-MnO,
o-Cog,oMnO,

a-Cog 04MnOy

72 h AL o-Cop g3Mn0O5
72h AL o-Cog psMnO2

Hydrothermal treatment at 150 °C for 50 h

Molten salt treatment at 100 °C for 8 h
Molten salt treatment at 120 °C for 8 h

Chemical wet mixing at room temperature for 72 h

Chemical wet mixing at room temperature for 72 h then molten salt treatment at 100 °C for 8 h
Chemical wet mixing at room temperature for 72 h then molten salt treatment at 120°C for 8 h

Ko15MnO; g6

Hp 12 Ko03Mnp 9001 86
C09,02K0.04Mn0O;;
C00.04K000Mn03 5
Co0.03K003Mnp 02 5
C00.06K0.03Mno 9025

the crystal lattice. The higher fraction of chemically doped cobalt
ions in the acid-leached «-MnO, nanowires expanded structural
tunnels with the unit cell parameter a of a-CoggsMnO; increasing
to 9.849(3) A without much effect on the unit cell parameter ¢
(Table S2).

SEM images in Fig. 2c-f, reveal that the one-dimensional mor-
phology of the pristine ®-MnO, is preserved under the selected
conditions used in the chemical modification processes. Table 2
shows sample names used in this work and summarizes synthesis
conditions. The chemical compositions in Table 2 were determined
via combined AAS and IT characterization methodology, discussed
in detail below.

Table 2

Average oxidation state and chemical ratio of pristine and acid leached ®-MnO,
compositional constituents. Average oxidation state of Mn and K:Mn ratio were found
using IT and AAS, respectively. Values taken as constants are given in black, values
found experimentally are given in red, values calculated from Mn disproportionation
are given in green, and values calculated from charge balancing are given in blue.

Cation Anion
Sample H* K* Mn** 0*
Pristine a-MnO, 1(0) F1(0.15) +3.774(1) 2(1.96)
72 hour +1(0.127) +1(0.027) +3.966(0.898) -2(1.858)
acid-leached a-MnQ,

3.2. Oxygen vacancy characterization

To gauge the significance and quantify the formation of oxygen
vacancies in 72 h acid-leached a-MnO, nanowires, thermogravi-
metric analysis (TGA) combined with XRD analysis was used to
understand weight loss during heat induced phase changes
(Fig. 3a—c). It is believed that in an inert environment, weight loss
during phase change will be largely due to evolving oxygen and
that the acid-leached samples will undergo less weight loss
because they are more oxygen deficient. However, TGA testing in
an inert atmosphere revealed that an acid-leached material lost
more mass than the pristine o-MnO, nanowires in a similar tem-
perature range (Fig. 3a). To explore this finding further, samples
were annealed at 675 °C and 850 °C for two hours. These temper-
atures were chosen to fall between the bimodal weight loss exhib-
ited by acid-leached samples (Fig. 3a). SEM images of annealed
materials showed that the one-dimensional nanowire morphology
of pristine nanowires is preserved at higher temperatures than that
of the acid-leached material (Fig. 3d-i) agreeing with the lower
thermal stability of the acid-leached material, revealed by TGA.
This finding was attributed to the increased concentration of point
defects and supports the rapid mass loss exhibited by the acid-lea-
ched material. SEM images of the annealed samples demonstrated
the formation of particles with platelet morphology indicative of
phase transformations occurring with the materials (Fig. 3f and i).
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Fig. 3. Annealing induced phase transformation of the pristine and acid-leached a-MnO, nanowires. Acid-leached nanowires were obtained via interaction with concentrated
HNOs for 72 h at room temperature. (a) TGA curves of pristine and acid-leached #-MnO, nanowires. (b and c) XRD patterns of (b) pristine and (¢) acid-leached nanowires
annealed at 675 and 850 °C as compared to non-annealed nanowires. XRD data of Mn30,4 and Na-birnessite phases are shown for reference. (d-i) SEM images of (d-f) pristine
and (g-i) acid-leached o-MnO, nanowires before annealing and after annealing at 675 and 850 °C. All annealing experiments were carried out in the inert atmosphere to

prevent oxidation.

The annealing study showed that after annealing at 850 °C both
pristine and acid-leached o-MnO, nanowires formed a hausman-
nite Mn30,4 phase (Fig. 3b and c). However detailed analysis of
the XRD patterns revealed a significant difference in phase evolu-
tion of pristine and acid-leached a-MnO, nanowires at high tem-
peratures. Two peaks at 11 and 16° 20 were present in the XRD
pattern of pristine material after annealing at 850 °C and absent
in the XRD pattern of the annealed acid-leached nanowires. These
peaks were phase matched to the layered MnO, birnessite phase,
which can be stabilized by Na* or K* ions in the interlayer region,
suggesting that birnessite-MnO- can only form with excess oxygen
available in the pristine o-MnO,, but not in the oxygen deficient
acid-leached o-MnQO,. Formation of the layered birnessite phase
would cause oxygen to remain within the structure resulting in
less overall weight loss. This phenomenon is believed to account
for the thermal stability behavior exhibited by the pristine and
acid-leached a-MnO, nanowires.

To take this one step further, thermogravimetric-mass spec-
troscopy (TGA-MS) analysis was used to give insight into what spe-
cies were evolving at each region of weight loss (Supporting
Information, Fig. S1). The acid-leached materials first evolved O,
gas at 500 °C, as compared to 575 °C in case of the pristine mate-
rial, supporting that the acid-leached material more rapidly
degrades. Additionally, acid-leached samples were shown to
evolve mainly oxygen or hydrogen containing OH groups. This
agrees with the XPS analysis that shows evidence of more Mn-
OH groups on the surface of the acid-leached samples (Table 3)
and the theory of the K'-H* exchange mechanism that introduces
protons into the crystal structure in the form of the hydroxyl
groups. The TGA-MS study further reinforces the validity of forma-
tion of oxygen vacancies during acid leaching of &-MnO,.

While the TGA study corroborated the idea that the acid-lea-
ched samples were oxygen deficient, it did not provide a pathway
to determine the amount of oxygen vacancies formed during acid
leaching. To evaluate the fraction of oxygen vacancies in the struc-
ture of pristine and acid-leached «-MnO, nanowires, a combined
atomic absorption spectroscopy and iodometric titration (AAS/IT)

Table 3
Fitting of the O1s XPS spectra showing O bond type. Fitting adapted from literature
[12,25,26].

Sample 01s*
Bond type BE (eV) Area %
Pristine o-MnO, Mn—0—Mn 5292 70.1
Mn—OH 531.0 23.5
H—0—H 5323 6.4
72 h AL o-MnO» Mn—0O—Mn 5294 61.6
Mn—OH 530.8 312
H—0—H 531.8 7.2
Co doped AL o-MnO- Mn—0O—Mn 5295 55.7
Mn—OH 530.7 37.0
H—0—H 5322 7.3
Co doped 72 h AL 2-MnO- Mn—0O—Mn 529.3 58.1
Mn—OH 530.8 35.1
H—0—H 531.8 6.7

approach was developed. The AAS/IT approach is discussed in
detail in Supporting Information, Appendix A. The characterization
of the pristine nanowires was rather straightforward: AAS mea-
surements established the K:Mn ratio, and IT was used to deter-
mine the average oxidation state (AOS) of Mn. Then charge
balance principle was applied, resulting in the chemical formula
of K ;sMn3"7" 0%  for pristine o-MnO, nanowires (Table 2, Appen-
dix A in Supporting Information).

The chemical characterization of acid-leached «-MnO, begins
with the same AAS/IT approach as used for pristine «-MnO,. How-
ever, it also incorporates two proposed theories of the mechanism
of acid leaching, specifically the H*-K" ion exchange mechanism
[16] and the Mn>* disproportionation mechanism [17,18,23]. In
short, the ion exchange mechanism states that upon subjection
to a strong acid, like HNO3, K* stabilizing ions are extracted from
o-MnQO, structural tunnels. In response, the loss of cationic charge
is compensated by the introduced protons from the acidic solution.
On the other hand, the disproportionation mechanism proposes
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that the presence of a strong acid causes two neighboring Mn>*
ions to exchange electrons resulting in one Mn?* and one Mn**
ion. Mn?" ions are soluble in aqueous solutions and therefore have
a driving force to leave the crystal structure. The leaving Mn?* ions
are believed to be accompanied by 0% ions, thus increasing the
average oxidation state (AOS) of manganese in remaining solid
material in order to maintain charge balance. In both cases, acid-
leaching is said to modify multiple sublattices of the a-MnO, crys-
tal system producing a defect-rich material. Current discussion of
these two mechanisms has revolved around the determination of
which mechanism is dominant [18]. In our analysis, we found that
each mechanism alone does not fully capture the entirety of the
acid-leaching process and our experimental findings can only be
explained by both of these mechanisms complimenting each other.

The dissolution of manganese due to the disproportionation of
Mn?* from the structural tunnel walls into Mn**, staying in struc-
ture of the solid material, and Mn?*, dissolving in aqueous acidic
environment [23], occurs according to the mechanism shown in
Eq. (8):

2Mn*" — Mn*" + Mn*" (8)

AAS measurements revealed the loss of 10.2% of Mn after acid
leaching, which was confirmed by measuring the Mn content in
the acid solution used during the acid-leaching process (Support-
ing Information, Table S3). lodometric titration showed that the
average oxidation state of Mn increased from +3.774 in pristine
material to +3.966 in the acid-leached nanowires (Table 2). Accord-
ing to the Eq. (8), a loss of 10.2% of Mn coincides with the forma-
tion of an additional 10.2% of Mn** for an overall loss of 20.4% of
Mn>*. For example, if a pristine a-MnO, sample is comprised of
77 moles of Mn** and 23 moles of Mn®", and this dissolution mech-
anism occurs, then the sample would have 87.2 moles of Mn** and
only 2.6 moles of Mn?* after completion of the acid leaching pro-
cess (Appendix A in Supporting Information). Subsequently, the o«
value, the ratio of Mn** to total Mn (Eq. (7)), of this theoretical
sample would be 0.971. The experimental o value of 0.966
obtained from the titration of acid-leached material is in good
agreement with this value confirming the validity of this combined
AAS/IT method. This experimental approach agrees well with the
theoretical mass balance calculations and yields a chemical
composition for the acid-leached o-MnO; nanowires as
Ko.03Mnggo01.86. While the charges in this formula are not
balanced, the K*-H" ion exchange mechanism may allow for the

introduction of protons from the acidic solution to rectify this,

resulting in the formula H; ,,K; sMn; 9 ' 0? 4 (Table 2). Precedent

for the introduction of H* ions exists in the widely discussed K*-
H" exchange mechanism that has been proposed to explain how
K* stabilizing ions are removed from the o-MnO, crystal lattice
during acid leaching [17,24] as discussed above. In our experi-
ments, the amount of H* ions added to the chemical formula of
the acid-leached material for the charge balance, matches well
the loss of K ions measured by AAS (Appendix A in Supporting
Information). In the previous study [19] it was found that the pro-
tons incorporated into the structure of tunnel manganese oxide
reside in the form of hydroxyl groups by attaching to the oxygen
atoms in the inner walls of the structural tunnels. Therefore, an
alternative way to write down a chemical formula of the acid-lea-
ched o-MnO; nanowires is: Ko g3Mnggg01.73(OH)g.13. The increased
fraction of hydroxyl groups in the acid-leached material is in agree-
ment with the XPS measurements discussed below. Our findings
suggest that two mechanisms of interaction between manganese
oxides and strong oxidizing acids, ion exchange and Mn>* dispro-
portionation, are linked and occur simultaneously. This insight fur-
ther highlights how a simple chemical treatment, like acid-
leaching, has widespread effects on material structure and
composition.

By combining the manganese dissolution theory and our AAS/IT
study, we determined chemical formulas of pristine and acid-lea-
ched «-MnO, nanowires (Table 1) and proposed the following
chemical reaction occurring after 72 h of acid leaching (Eq. (9)):

032HNO3 (ag) -+ K0,15Mn01,95 (s)
- HO.]ZKO.OBMHOBDOLSG (s) + O]ZKNoj (aq)
+0.10Mn(NOs), ,, + 0.10H,0 9)

Acid leaching also changes the composition of oxygen bonds on
the surface of the material by increasing the proportion of Mn—-OH
to Mn-O-Mn bonds. Analysis of the O1s XPS spectra (Fig. 4¢) indi-
cates a decrease in the Mn-0-Mn bonds and an increase in Mn-OH
bonds, as revealed by deconvolution of the O1s spectra and mea-
surement of the surface area that corresponds to each individual
bond (Table 3). We hypothesized that because each Mn ion is
bonded to 6 oxygen atoms, in acidic media, the remaining oxygen
atoms will form hydroxyl bonds to compensate for the removal of
one Mn, in agreement with the previously stated hypothesis of the
introduction of protons during acid leaching. Additionally, TGA/MS
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Fig. 4. (a) Mn 2p, (b) Co 2p, and (c) O 1s XPS spectra of the pristine and chemically modified ¢-MnO, nanowires.
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data shows that defect rich acid-leached sample released hydroxyl
groups upon heating not seen in the pristine sample (Supporting
Information, Fig. S1), confirming the XPS findings of a higher occur-
rence of Mn-OH bonding after acid leaching. It should be noted
that XPS is a surface only characterization technique, and it is
expected that the amount of Mn-OH bonds would be slightly
greater on the surface of the material then in the bulk, as Mn closer
to the surface could more readily disproportionate and leave the
crystal lattice.

Importantly, our combined ASS/IT characterization approach
presents for the first time an efficient method to evaluate the frac-
tion of oxygen vacancies in manganese oxides. This methodology
can be exceptionally important to understand electrocatalytic
and other properties of a large family of low-cost and environmen-
tally friendly manganese oxides. Here we for the first time directly
show that the crystal structure of the pristine ®-MnO, nanowires
has a small fraction of oxygen defects, resulting in a chemical for-
mula of Kg.15MnO; ge. This finding is important for multiple inter-
calation-based applications of this material, such as battery
electrodes [11,12,18,27-29] and hybrid capacitive water desalina-
tion electrodes [30,31]. Oxygen vacancies have been shown to pro-
vide pathways for intertunnel ions diffusion [28], leading to
improved rate performance of tunnel manganese oxide electrodes.
Therefore, acid leaching can be used as an efficient mechanism to
control the fraction of oxygen vacancies in manganese oxides. By
tuning the nature of the acid as well as the time and temperature
of interaction between the acid and manganese oxide, the man-
ganese disproportionation process accompanied by the formation
of oxygen vacancies can be regulated. However, it is important to
note that our combined AAS/IT measurements approach does not
efficiently account for the presence of hydroxyl groups, typically
residing on the surface of manganese oxides, which can contribute
to the change in the oxidation state of manganese in case of high
surface area materials. A systematic study is needed to fully under-
stand the limits and opportunities of the acid leaching of man-
ganese oxides and establish correlations between acid leaching
conditions, materials structure and properties.

3.3. Characterization of cobalt in Co-doped samples

SEM images and XRD patterns showed that the o-MnO, crystal
structure was preserved in case of both pristine and acid-leached
materials after cobalt doping (Fig. S2 in Supporting Information).
SEM imaged did not show evidence of a secondary phase with
morphology different from one-dimensional particles. Ma et al.,
reported that in-situ doping of o-MnO, with cobalt introduced
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Co”" ions into the Mn sublattice [32]. In our work, satellite peaks
indicative of Co®* were clearly identified on the Co2p XPS spectra
of all cobalt containing samples at binding energies of ~803 eV
[25] and ~787 €V [33], (Fig. 4b). Unlike Co**, high spin Co?" exists
in a tetrahedral coordination and therefore it is unlikely to replace
manganese in MnOg octahedra in tunnel walls [32,33].

The Mn2p (Fig. 4a) and Mn3p (Fig. S5 in Supporting Informa-
tion) XPS spectra confirm that manganese is present in a mixed
Mn>*/*" oxidation state in the structure of all materials investigated
in this work. Analysis of the Mn3p XPS spectra according to the
method proposed in work by Ilton et al. [34] revealed lowering
of the oxidation state of Mn in Co-doped samples. Compositionally,
doping pristine a-MnO, reduces the potassium atomic percent to
3.6% in all cases (Tables 1 and 2). Cobalt doping also caused the
unit cell parameter a of the acid-leached o-MnO, to return to
9.849 A (Table S2 in Supporting Information), suggesting that dur-
ing the doping process there may be a degree of potassium-cobalt
exchange and that cobalt resides in the structural tunnels of o-
MnO,. Moreover, when Co®* has been introduced into layered
manganese oxide phases, Co?* was found to reside in the interlayer
spacing of the MnO, layers and not in the Mn sublattice [14].
Therefore, our analyses indicate that cobalt ions are accommo-
dated inside the structural tunnels after the cobalt doping achieved
via interaction of manganese oxide nanowires with cobalt nitrate
melt.

3.4. Electrochemical performance

Linear sweep voltammetry (LSV) was used to test the OER cat-
alytic activity of pristine and chemically modified «-MnO, nano-
wires (Fig. 5a and b). Electrochemical performance of the
materials investigated in this work is summarized in Table S4 in
Supplementary Information. Pristine a-MnQO, nanowires exhibited
an ultimate current density of 21.6 mA-cm 2 at 1.85 V vs RHE and
an overpotential of 564 mV at a current density of 10 mA-cm ?,
and a Tafel slope of 109 mV-dec ! (Fig. 5). For reference, the OER
activity of the electrode prepared without adding any active mate-
rial was evaluated (Supporting Information, Fig. S3), confirming
that ®-MnO, nanowires serve as efficient electrocatalyst towards
oxygen evolution in electrochemical water splitting.

The acid-leached nanowires exhibited a 30% increase in ulti-
mate current densities and a reduction in overpotential at
10 mA-cm 2 to 516 mV (Table S$4 in Supporting Information). This
increase was attributed in part to creation of an irregular surface
topology due to the partial dissolution of manganese and forma-
tion of oxygen vacancies. In the a-MnO, crystal system, each oxy-
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Fig. 5. Electrocatalytic performance of the pristine and chemically-modified «-MnO, nanowires. (a) Linear sweep voltammograms, (b) ultimate current density and (c) Tafel

plots for OER on various electrocatalysts tested.
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gen is bonded to three adjacent manganese atoms. The removal of
one oxygen and one Mn ion would expose two additional man-
ganese atoms that may not have been able to participate in catal-
ysis before acid leaching. This is reflected in the molar mass
lowering considerably as a result of acid leaching, meaning that
more Mn per electrode is exposed to water than in case of the pris-
tine material. Additionally, acid-leaching reduces the electronic
resistivity of the material by a factor of three (Table $4 in Support-
ing Information) leading to improved electron transport. Acid
leaching also reduced the Tafel slope of ®-MnO; nanowires from
109 mV-dec ! to 86 mV-dec . This reduction in Tafel slope below
90 indicated that the rate-limiting steps in OER mechanism can be
different in case of pristine and acid-leached «-MnO, electrocata-
lysts. This again can be caused by increase in the amount of Mn
active sites and improved electronic conductivity (Table S4 in Sup-
porting Information) resulting in superior catalytic performance of
the acid-leached o-MnO; nanowires over pristine nanowires.

Cobalt doping was also shown to be a powerful method to
increase OER catalytic activity of ®-MnO, nanowires. The addition
of cobalt (0.04 at%) more than doubled the ultimate current density
in LSV experiments and lowered the Tafel slope to 78 mV-dec !
(Fig. 5c¢, Table S4 in Supporting Information). This observation is
in agreement with Grimaud et al.’s finding that high spin Co?" ions
serve as the most active cobalt species towards OER in perovskite
crystal systems [35]. However, since our analyses revealed that
Co?" dopant ions reside within the structural tunnels of the o-
MnO, and not in the Mn sublattice, it is unlikely that Co?* signifi-
cantly participate as additional active sites in OER catalysis. The
size of the structural tunnels of ®-MnO, phase is on the order of
4-5 A making it unlikely that hydroxyl ions can diffuse through
the tunnels, because hydrated hydroxyl ions can be as large as
6 A [36]. Therefore, it is believed that the additional Co?* ions
improve OER activity by reducing the average oxidation state of
Mn closer to 3.5 (Fig. 4) which is more favorable towards catalytic
activity |2]. Thenuwara et al, have reported similar phenomenon in
cobalt doped layer manganese oxides [14].

Cobalt doping of acid-leached «-MnO, nanowires combined the
low Tafel slope of cobalt-doped nanowires (73 mV-dec !, Fig. 5 and
Table S4 in Supporting Information) and the low electronic resis-
tivity of acid-leached nanowires producing the material with the
best OER performance. At voltages above 1.8V vs RHE, the
cobalt-doped pristine o-MnO, nanowires transitioned from an
exponential to a linear behavior (Fig. 5a) indicating that this mate-
rial is beginning to be impeded by a lack of electrons. The acid-lea-
ched and cobalt-doped material, however, exhibited exponential
behavior at voltages above 1.8 V vs RHE, which allows it to achieve
a higher ultimate current density. This phenomenon also high-
lights how acid leaching and cobalt doping are believed to influ-
ence OER activity in different ways: acid leaching exposes more
Mn to act as active sites and increases the electronic conductivity
of the nanowires, while cobalt doping introduces other electro-
chemically active Co?* ions that may act as additional active sites
for catalysis while enhancing existing Mn active sites by reducing
the oxidation state of Mn closer to the theoretically ideal value of
+3.5. In addition, cobalt doping can increase the conductivity in
the a-b plane of a-MnO, structure, in agreement with the resistiv-
ity measurement shown in Table S4 in Supporting Information,
thus further increasing catalytic activity. Together these chemical
modification approaches modified the structure and chemical
composition of a-MnO, nanowires to increase ultimate current
densities by over 300% and reduce the overpotential by over
70 mV compared to the pristine material (Fig. 5 and Table S4) pro-
ducing an electrocatalyst with superior performance. Chronoam-
perometry measurements revealed that the cobalt-doped acid-
leached material’s electrochemical stability is on par with that of
the other materials suggesting that the creation of a defect rich

manganese oxide does not greatly affect catalytic reliability
(Fig. S4 in Supporting Information). The chemical modification
approaches, developed in this work, can be adapted to other poly-
morphs of manganese oxide and/or be used in conjunction with
advance electrode architectures through electrocatalytically active
metal nanoparticle decoration.

4. Conclusions

In this work, the post synthesis chemical modification
approaches of acid leaching and cobalt doping have been shown
to be powerful strategies to enhance the OER activity of a-MnO,
nanowires. Acid leaching was used to modify the anionic sublat-
tice, and we determined a 5.1% increase in the fraction of oxygen
vacancies in o-MnO, nanowires after 72 h of interaction with con-
centrated nitric acid at room temperature. The enhanced electro-
catalytic performance shown by the acid-leached o-MnO,
nanowires was attributed to exposure of additional Mn active sites
and increased electronic conductivity of the oxygen-deficient
material. Cobalt doping introduced Co?* ions into the structural
tunnels of the o-MnQO, nanowires that are believed to improve
the OER activity by lowering the average oxidation state of Mn clo-
ser to +3.5, the theoretically predicted ideal value for OER activity,
and may serve as additional OER active sites. This is reinforced by
cobalt doping lowering the Tafel slope below 80 mV-dec ! and
more than doubling the ultimate current densities. When used in
tandem, the high activity of the cobalt-doped «-MnO, nanowires
was combined with the improved electronic conductivity and
exposed active sites of the acid-leached «-MnO, nanowires pro-
ducing a superior electrocatalyst with more than a 3-fold increase
in OER activity over pristine material. Moreover, these chemical
treatments did not affect the longevity of reliability of the electro-
catalysts. The chemical modification methods explored in this
work highlight the diverse approaches that can be taken to
improve the catalytic activity of manganese oxides by creating
defect-rich materials with enhanced performance in oxygen evolu-
tion reaction. Once the limiting factor of a catalyst system is iden-
tified, the correct post synthesis treatment could be applied to
improve the system. Moreover, the facile and scalable nature of
these post synthesis treatments suggests that they can readily be
applied to other classes of materials.
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