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Two-dimensional materials are usually prepared using special chemicals and
higher temperature processes and/or using hazardous chemicals such as
hydrofluoric acid. Herein, we present a near-ambient condition (50° to 80°C), non-
toxic, one-pot, cheap, scalable pathway to convert five different water-insoluble,
non-layered Mn-containing precursors, viz. Mn3O4, Mn;O3, MnB, MnsSiB;, and
Mn,AIB,, into 2D crystalline birnessite flakes. The resulting flakes demonstrated
electrocatalytic activities for reversible O, reactions that are comparable with Pt/C

electrodes.
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SUMMARY

Synthesis of two-dimensional (2D) materials that is readily scalable,
cost-effective, and eco-friendly is important from both scientific
and industrial viewpoints. Currently, these 2D materials are syn-
thesized either by selective etching of relatively expensive layered
solids, viz. using a top-down approach, or by autoclaving metal
salts/organic compounds. Herein, we describe a near-ambient,
one-pot, inexpensive, scalable pathway to convert—through a bot-
tom-up approach—5 different water-insoluble Mn-bearing precur-
sors, viz. Mn3;04, Mn,03, MnB, MnsSiB,, and Mn,AIB,, into birnes-
site-based 2D flakes that, in some cases, are remarkably
crystalline. The precursor powders are immersed in 25 wt % tetra-
methylammonium hydroxide aqueous solutions at 50°C to 80°C for
2 to 4 days. The structures, compositions, oxidation states, and
morphologies of the synthesized flakes are determined using a
battery of characterization techniques. The synthesized 2D sheets
demonstrate reversible O, electrocatalysis with activities compara-
ble with those of a commercial Pt/C catalyst.

INTRODUCTION

Manganese oxides with at least six different polymorphs labeled a, B, v, A, R, and
3-MnO,'* have been widely explored for various applications such as batteries,**

87 and many more.'%"'? More recently,

supercapacitors,””’ heavy-metal adsorption,
manganese oxides with a broad range of active-site configurations, nominal valence
states, and nano-morphologies have been developed and tested as oxygen electro-
catalysts, oxygen evolution reactions (OERs), and oxygen reduction reactions (ORRs)
for some time."?7?? What makes these materials attractive is their comparatively high
activity, with respect to other non-platinum-group metals (non-PGMs), unique
reversibility for oxygen electrocatalysis, and dramatically lower cost compared
with other catalyst materials."*?> The electrocatalytic activity and reversibility
have been related to the Mn?*/3*/Mn** redox couples.'*">**7? And while the spe-
cific/normalized electrocatalytic activity for MnO,-based materials remains below
that of respective PGM materials, the increase in material abundance and decrease
in cost more than offsets this activity disparity. This renders MnO, nanomaterials
attractive replacements for PGM catalysts when the total electrode area of an elec-
trochemical energy conversion/storage scheme is not limiting, as in stationary power
applications, for example.

Progress and potential
Typically, materials that are
atomically thick but extend over
large areas are labeled two-
dimensional (2D) materials, which
are produced by exfoliating or
etching layered bulk materials.
The process can be slow and
hazardous and can render the
production of 2D materials in
large quantities challenging and
expensive. We developed a one-
pot recipe of producing 2D sheets
in bulk scale almost at room
temperature, starting with
inexpensive green precursors.
The quality of sheets produced is
as high as those prepared using
high temperatures and pressures
and/or hazardous chemicals. Our
one-pot method is thus the
simpler, scalable, cheaper, and
safer approach.

Electrodes made with our
materials could lead to better
batteries for cell phones and
transportation. The sheets are
also biocompatible, which
renders them good candidates for
use in the biomedical field. This
discovery is a true breakthrough in
scaling up the production of
nanomaterials and will have a
direct and positive impact on
society.
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Of special interest to this work are manganese oxide two-dimensional (2D) sheets.

29-31_was first

Layered manganese oxide—labeled 3-MnO,*” or manganous manganite
synthesized by McMurdie in 1944. A few years later, naturally occurring 3-MnO, was
discovered in Canada.® Interestingly, it was not until 1956 when it was named birnessite
after natural deposits were found in Birness, Scotland.** Conventionally, -MnO; is pre-

4,35
3435 top-
11,36,37

pared through one of the following bottom-up pathways: reduction of KMnQg,
otactic oxidation of Mn?* salts in the presence of alkaliions (i.e., in alkaline media),
or hydrothermal treatment of Mn inorganic compounds such as Mn salts or oxides®* % or
a mixture of divalent Mn salts and KMnO,.**~*¢ The flakes obtained using these bottom-
up approaches, however, are usually not monosheets. It was not until 2008 that Kai
et al.¥’ added tetramethyl ammonium hydroxide (TMAH) and hydrogen peroxide
(H205) into aqueous solutions of manganese(ll) chloride (MnCl,) and obtained colloidal

suspensions of mostly MnO, monosheets.

In general, to obtain relatively large single 2D flakes of highly crystalline birnessite,
the preferred synthesis approach is a top-down one in which layered manganese ox-
ides are exfoliated using organic surfactants, such as tetramethyl ammonium (TMA*)
or tetrabutyl ammonium (TBA") cations.*®=° This approach, however, is not easily
scalable and is significantly more expensive and time consuming than bottom-up
approaches.

Very recently, we showed that by heating 10 different water-insoluble Ti-containing
solids (carbides, nitrides, borides, etc.) at near-ambient conditions, in TMAH
aqueous solutions, we converted them into C-containing, anatase-based nanofila-
ments (nfs) that self-assemble in 2D flakes.”” The nfs are = 6 x 10 AZin cross-section,
and some are microns long. The vast majority, however, are significantly shorter. In
that case, the organic salt acted both as a near-universal solvent and a templating
agent allowing growth in only one direction.

One of the purposes of this work was to test the general validity of this approach on
non-Ti based materials, specifically water-insoluble Mn-containing powders, viz.
Mn3O4, Mn;O3, MnB, MnsSiB,, and Mn,AIB,. Herein, we heated powders of
these compounds in 25 wt % TMAH at near-ambient conditions for 2-4 days in the
50°C-80°C temperature range and obtained crystalline, relatively large birnessite-
based 2D flakes, henceforth referred as TMAH-processed birnessite or TMB. We
further investigated the electrocatalytic activity of the latter for both OER and ORR.

RESULTS AND DISCUSSION

The experimental details can be found in the experimental procedures. A schematic
of our synthesis approach is shown in Figure 1A. Table S1 lists all starting precursors
and chemicals used. In all cases, the Mn:TMAH molar ratio was kept at 0.47. Table S2
summarizes the conditions used in 14 different reactions, all resulting in TMB. After
reaction, the resulting sediment was washed with ethanol until the pH = 7 and was
redispersed in water to yield stable colloidal suspensions that were, in turn, filtered
to produce highly flexible, free-standing filtered films (FFs) (Figure 1A). Figure 1B
shows isometric side and top views of the 2D monoflakes produced. Typical cross-
sectional scanning electron microscopy (SEM) micrographs of FFs derived from
Mn3O, (Figure 2A) and other precursors (Figure S1) clearly reveal the presence of
well-stacked 2D layers.

Figures S2A and S2B show X-ray diffraction (XRD) patterns of FFs derived from
Mn30,4, Mn,O3, MnB, and Mn,AIB, powders heated in TMAH for the various times
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Figure 1. Schematic of processing procedure and atomic models of birnessite

(A) Schematic of fabrication process of colloidal suspensions and FFs of TMB derived from various
precursors (see Tables ST and S2).

(B) Isometric side and top views of relaxed structure of single layer of birnessite (see DFT
calculations in experimental procedures). Thicknesses of manganese oxide layer and TMA
molecule associated with hydration layers are 1.9 and 7.7 A, respectively.”* Note that arrows
denote approximate dimensions and are not to scale. Corresponding axes are shown between the
two schematics. Bottom axes refer to left schematic, and top axes refer to right schematic. The c-
axis is the stacking direction.

and temperatures indicated on the graphs. In all cases, the obtained XRD
patterns were characterized by up to eight OOL reflections with a basal spacing, d,
of = 9.62 A, a value that agrees with previous reports on TMA*-intercalated bimes-
site.**4752->% We note in passing that our O0L peaks are significantly more intense
than those reported previously.”’->* This distance is the sum of the thickness of a sin-
gle slab of MnO, octahedra of =1.9 A (see below) and 7.7 A attributed to hydrated
TMA* molecules.*” The absence of precursor XRD peaks is noteworthy and confirms
the effectiveness of our reaction and washing protocols and how well the 2D flakes
are separated from the unreacted sediment.

When the XRD pattern of FFs obtained by heating Mn3O4 in TMAH at 80°C for 4 days
(Figure S2A, blue curve) is plotted on a log scale (Figure 2B), in addition to the intense
00L reflections, we also observe two less intense peaks corresponding to the (100)
and (110) planes. To confirm their presence, we obtained XRD patterns, in transmis-
sion mode, of vertically aligned FFs.>'->° In such a setup, basal reflections are sup-
pressed, and the only remaining peaks are those belonging to the (100) and (110)
planes (Figure 2B, black curve) with d spacings of 2.48 and 1.44 A, respectively. These
reflections are characteristic of hexagonal biressite and are in gratifying agreement
with other reports on layered MnO, sheets intercalated with various quaternary
ammonium cations.’>* Moreover, the asymmetric broadening of these non-basal
peaks suggest that the stacked lamellas are rotated relative to each other about

. 54
the c axis.”*°

Matter 5, 2365-2381, July 6, 2022 2367



¢? CellPress

001
002

e

Log Intensity (a.u.)

1

10 20 30

40 50 60 70 80 90
20 (deg)

10 1/ nm

Height (nm)

100 200 300 400 500
Position (nm)

Figure 2. Characterization of TMB flakes prepared by heating Mn;0,4 in TMAH at 80°C for 4 days
then washing with ethanol

(A) SEM micrograph of typical FF's cross-section.

(B) XRD patterns, on log scale, of FFs in both horizontal (blue curve) and vertical (black curve)
directions. Vertical red lines indicate the 260 locations of non-basal peaks.

(C) Typical TEM image of TMB flake. Inset shows corresponding SAED pattern.

(D) HRTEM of a similar 2D sheet. Inset shows corresponding FFT pattern consistent with that of birnessite.
(E and F) AFM height images—at various magnifications—of TMB sheets prepared by spin coating
on glass slides. Inset shows height profile corresponding to blue line in (F).

Interestingly, the thickness of a MnO, octahedral layer reported in the literature
range from 1.9 to 4.5 A.**52°% To obtain a more accurate value, we carried
out a density functional theory (DFT) calculation on birnessite. We predict a
thickness of =1.9 A and a lattice parameter of 2.842 A. The latter agrees quite
well with the 2.864 A value deduced from the XRD patterns (Figure 2B).
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Figure 2C shows a typical transmission electron microscope (TEM) image of a single
TMB flake with a lateral size =0.5 um. The selected-area electron diffraction (SAED)
of this flake depicts two sets of diffraction spots arranged in a hexagonal pattern
(Figure 2C, inset) with d spacings of 2.51 and 1.48 A that correspond to the (100)
and (110) planes, respectively. The agreement between the SAED and XRD results
(Figure 2B) is important and confirms that the flakes observed in the TEM are
representative of our FFs’ microstructure. The fact that the SAED shows spots is
compelling evidence for the single-crystalline nature of the flakes imaged. However,
in other regions, the SAED patterns (Figures S3B-S3F, insets) degenerated into two
rings—with the same d-spacing values—suggesting a turbostratic arrangement of
the 2D crystalline sheets and/or their overlap. High-resolution TEM (HRTEM) imag-
ing (Figure 2D) verified the crystalline nature of the flakes at the atomic-layers scale.
Fast Fourier transform (FFT) of the micrograph shown (Figure 2D, inset) is consistent
with a highly crystallized flake. This is in excellent agreement with the SAED patterns
and confirms our flakes’ hexagonal structure and crystallinity.

TEM micrographs of Mn3O4-derived flakes treated at different processing condi-
tions (Figure S3) show consistent morphology of 2D sheets, with lateral sizes ranging
from 100-500 nm or even larger. Atomic force microscopy (AFM) height maps of a
300x diluted suspension made from Mn3O, powders heated at 80°C for 4 days
(Figures 2E and 2F) and drop cast on glass slides reveal that the lateral sizes of the
2D sheets are closer to the 200 nm range. An AFM height profile, along the blue
line in Figure 2F, shows that the flake thicknesses are =2 + 0.4 nm (Figure 2F, inset).
Notably, the same height was obtained for most of the flakes shown in Figure 2F,
suggesting that each cluster comprises 2-3 birnessite layers. Tellingly, some of
the domains are hexagonal in shape.

Typical Raman spectra of FFs (Figure 3A) show one dominant band at 570 cm' and
two less intense bands at 490 and 640 cm™'. These values agree with other reports on
birnessite in the literature.’>” The 570 cm™" intense peak originates from the M—O
in-plane stretching vibrations and is consistent with a system where MnO,, octahedra

are preferentially aligned along the a and b axes.’*’

To shed light on the Mn average oxidation state, Figure 3B plots the X-ray absorp-
tion near edge structure (XANES) spectra for Mn3O4-derived flakes as well as those
of MnO, Mn;O3, and MnO, powders for comparison. Based on these results, we
conclude that the Mn average oxidation state falls between +3 and +4, which is fully
consistent with other XANES measurements on birmnessite.”>>*°® As discussed
below, these values also agree well with those deduced from XPS.

X-ray photoelectron spectroscopy (XPS) spectra of a Mn3;O,4-derived FFs (Figure 3C)
show that the binding energies (BEs) of Mn and O in the Mn 2p and O 1s regions,
respectively, are comparable with those in the literature for TMA™-intercalated bir-
nessite.** When the XPS results for all TMB obtained from different precursors are
compared (Figure S4), it is obvious that the Mn BEs are identical and are not a func-
tion of precursor chemistry. With one exception, viz. MnAlIB (Figure S4B), the same is
true of the O BEs. Fitting the various XPS peaks (see experimental procedures), we
conclude the flakes’ composition to be MnO,, with x = 1.7-2. This range is in part
attributed the uncertainty of the hydroxide content in the biressite flakes (Figure 3C,
hydroxide peak).>’

The low BE shoulder observed around ~641 eV in the Mn 2p3,, peak (Figure S4A) can
be possibly due to presence of Mn*3. However, due to the multiple-splitting effect

¢? CellPress

Matter 5, 2365-2381, July 6, 2022 2369




¢? CellP’ress Matter

)

e =
o o0
T T

S
IS
T

Intensity (a. u.)

=}
o

T
S i
o

T

5 —— TMB flakes
0.0 MnO,
0.0 \ . \ . L . 02 A . . A L
200 400 600 800 1000 1200 1400 6520 6540 6560 6580 6600 6620 6640
Raman Shift (cm™) Phonon Energy (eV)
C
20000
Mn 2p
16000
3 £ 12000
> =
= =
s Z 5000
i= Q
z g
4000
PV FrFTd vt et PR el JRSl 1 I (e e [ i 1 ol . . L A
665 660 655 650 645 640 635 536 534 532 530 528 526 500 550 600 650 700
B.E (eV) B.E (eV) Energy loss (eV)
E F
100 4 — 200
Mn,0,-50°C-4d )
Mn,0,-50°C-11d
90 | Mn;0,-65°C-4d 3F Indirect band gap +4150
Mn,0,-80°C-2d :
X - Direct band gap -
= —— Mn;0,-80°C-4d = =)
0 80  Mn0.-80°C-3d < 2t 1100 =
5] 203 @ &
= g o
3 el
70 F 1 450
60 . . L 0 0
0 200 400 600 800 1 2 3 4
Temperature (°C) Energy (eV)

Figure 3. Structural, compositional, and electronic properties characterizations of TMB-FF
produced by heating Mn;O, in TMAH at 80°C for 4 days then washing with ethanol

(A) Raman scattering spectra.

(B) XANES spectra, together with those of some of related precursors—MnO, Mn,03, and MnO,.
(C) XPS spectra of Mn 2p and O 1s regions. Red and black lines in the Mn 2p and O 1s regions,
respectively, are the backgrounds used.

(D) Core-loss EELS data measured from a FF redispersed on a TEM grid.

(E) Thermogravimetric plot for samples derived from Mn3O4 and Mn,0O3 powders under various
conditions as indicated. TGA furnace was ramped at 10°C/min up to 800°C under flowing Ar.

(F) Tauc plot of TMB revealing indirect (=2.5 eV) and direct (=2.6 eV) band gaps.

observed in Mn oxides,*” it is not possible to quantify it using XPS alone. More work
is needed to quantify the Mn*® and Mn™* contributions for birnessite obtained from
different precursors, but as the Mn 2p3, is centered around ~642.5 eV, the majority
contribution must be from Mn™*.

The absence of B, Al, or Si in the XPS results (Figure S5) confirms the purity of the
films and the effectiveness of our washing protocol in ridding the colloid suspension
of all elements except Mn and O in addition to C. Note that the latter is
advantageous.
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A few films were LiCl-solution washed before subjected to atomic probe tomogra-
phy (APT). APT maps of films washed with ethanol and with ethanol followed by a
LiCl solution are shown in Figures S6C and SéD, respectively. This was done to
assess whether ion exchange is possible. Comparing the two maps, we conclude
itis possible. Furthermore, after LiCl washing, the C or N signal vanishes, confirming
that they originated in the TMA and are no longer present after ion exchange.

Electron energy-loss spectroscopy (EELS) on Mn3Og-derived flakes (Figure 3D)
yields an O:Mn ratio of 1.84 + 0.11. Based on the totality of our results, it is reason-
able to conclude that the chemistry of our flakes is MnO,_,, where x < 0.3.

Figure 3E shows typical thermogravimetric profiles of various synthesized TMB films
performed in Ar up to 800°C. Regardless of the starting precursor and/or the synthe-
sis conditions—delineated in the figure—up to 200°C, a gradual weight loss
of =12%+5% is observed. At 200°C, a steep weight loss event of =17%+4% is
observed. The first could be due to the loss of interlayer water, while the second is
most likely due to the decomposition of the TMA molecules intercalating the layers.
A final slight weight loss (=2%-3%) was noted in the 250°C-480°C temperature
range that most probably corresponds to oxygen release, due to the structural trans-
formation from MnO5_ to Mn3Oy4. Indeed, a XRD pattern of an FF after thermogravi-
metric analysis (TGA) (Figure S7A) shows a typical pattern of Mn3Oy4. This result is in
agreement with Ma et al., who heated Na"-intercalated birnessite (protonated/
washed with HCl) in air to 1,000°C.**> Moreover, the Mn oxidation state in XPS after
heating to 800°C in Ar is identical to that of the precursor Mn3O,4 (Figure S7B).

In 1988, Cornell and Giovanoli showed that immersing Hausmannite (Mn30O,) in an
alkaline medium such as NaOH or KOH aqueous solutions, at temperatures between
25°C to 90°C, yielded plates/laths of birnessite.®’ The reaction was quite slow,
requiring weeks to months to complete. The authors speculated that the process
starts by the dissolution of Mn3O,4 until the solution is saturated with an Mn
species, at which point birnessite precipitated directly from solution. No inter-
mediate oxides or hydroxides were observed. It is reasonable to conclude that the
same is true herein, except that now the dissolution rate is greatly enhanced by
the presence of TMAH. Additionally, the TMA molecules must act as capping
agents that allow the flakes to only grow in plane. The resulting product in our
case is thin sheets = 2 + 0.4 nm thick and not crystallites, thick plates, or nanopar-
ticles reported by others. We note in passing that TMAH-assisted growth has been
previously adopted to grow MnQO;- and TiO,-based flakes.*”*? The starting precur-
sors in these two cases were MnCl; and TiCl,, respectively.

To shed light on the band structure and the films’ optical properties, we measured
the UV-visible optical absorption spectra in the 200-800 nm wavelength range (see
Figure 3F). The Tauc constructions generated from these results show an indirect
band gap (Eg) of 2.46 eV and a closely positioned direct E4 at 2.64 eV, together
with a pronounced Urbach tail presumably as a result of optical transitions between
sub-gap defect states (Figure 3F). These values agree with what has been reported
for birnessite structures, with slightly higher values here due to the reduced dimen-
sionality of our TMB.®® Moreover, our DFT calculations predict indirect and direct
band gaps around 2.0 and 2.4 eV (Figure S8A), respectively. The former is identical
to that obtained by Kitchaev et al.** using the same potential (SCAN) they used.
This value is slightly lower than the experimental ones shown in Figure 3F. The dif-
ference could be attributed to the effects of the interlayer water and/or TMA
molecules.
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Before discussing the optical properties, we also carried out DFT calculations for the
phonon-band structure and vibrational frequencies of our 2D structure. Figures S8B
and S8C plot the dispersion curves in the first Brillouin zone and the phonon density
of states, respectively. No imaginary phonon frequencies were observed, indicating
that our 2D structure is dynamically stable. These results are comparable with those
recently reported by Ma et al. on the dynamic stability of all 4 polymorphs of MnO,
(viz., o, B, v, and 8) using spin-polarized DFT calculations with a Hubbard U correc-
tion.®® In contradistinction, however, in our calculations, the exchange-correlation
effects were modeled using the recently introduced SCAN meta-GGA functional,®®
which has been proven to yield accurate predictions on both energetics and elec-
tronic structures of MnO, polymorphs without the need of applying empirically fitted

Hubbard U corrections.®*¢’

To further explore the optical characteristics of the films, we performed spectro-
scopic ellipsometry on thin films—100 nm thick drop cast on Si substrates—in the
230-1,000 nm wavelength range. Ellipsometry can measure the changes in polariza-
tion of the incident light from reflected waves from the sample. The functional de-
pendencies of the refractive index (n) and extinction coefficients (k) of a 100 nm
spin-coated film on wavelength are shown in Figures S9A and S9B, respectively.
The n peaks around a wavelength of 440 nm, followed by a slight drop and a rela-
tively flat region in the visible range, where the trend agrees with previously reported
data on MnO5 thin films.?®%? The measured peak value of n occurs at 2.7 and is
affected by the material’s density and is independent of the film thickness. At
470 nm, n = 2.5.

Figures S9C and S9D plot the real (e1 = n? — k?) and imaginary (e; = 2nk) compo-
nents of the dielectric function, respectively. As shown in this figure, at the edge of
the bands, due to the low number of available states, photon absorption is low, and
as the energy increases, the density of states reaches its maximum, which corre-
sponds to the absorption peaks. We conclude from this experiment that the band-
edge energy corresponds to the direct band gap that was calculated by the Tauc
model and equals =2.64 eV. By this observation, the ascending trend of the optical
absorption starts at 2.64 eV, interpreted as the band gap, and peaks at 3.1 eV, inter-
preted as the maximum density of states as shown schematically in inset.

Electrocatalytic activity

Figures 4A and 4B show the cyclic voltammograms (CVs) in Ar-purged 0.1 M KOH for
commercial platinum/carbon (Pt/C) and Mn3QO4-derived TMB films, respectively. The
faradaic features associated with Mn redox are clearly visible. With cycling, the
anodic Mn redox peak reduces in peak current and shifts to higher potentials, which
indicates a change in stoichiometry. XPS analysis (Figure S10) indicates that the as-
synthesized material is nominally Mn** (MnO,). However, following potential cycling
and once a steady-state voltametric signal is reached, the nominal oxidation state
shifts to Mn2*/3*, similar in proportion to that for Mn3Oy4. Once a steady-state CV
is reached, after =30 cycles, the voltametric signal remains stable. This observation,
in combination with the XPS spectra (Figure S10), confirm that the changing CVs are
associated with a change in MnO, stoichiometry or oxidation state rather than a
corrosion of the catalyst material.

Figures 4C-4E show the ORR and OER activities of the prepared TMB compared with
commercial Pt/C as well as those of our bulk Mn30,4 precursor material. Carbon (XC-
72)is added to both the TMB and Mn3O, precursor powders to ensure sufficient con-
ductivity. The TMB shows a dramatic enhancement in ORR performance compared
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Figure 4. Electrocatalytic activity of birnessite and Pt/C

(A) CV of Pt/C in Ar-purged 0.1 M KOH.

(B) CV of Mn304-derived flakes (80°C for 4 days) in Ar purged in 0.1 M KOH; 0 (blue), 10 (green), and
50 cycles (red).

(C) ORR/OER polarization curves in O,-saturated 0.1 M KOH at 20 mV/s for Pt/C (black), TMB (red),
and bulk Mn3O4 precursor (dashed blue).

(D) ORR polarization curves for Pt/C (black) and TMB (red) in O,-saturated 0.1 M KOH.

(E) Anodic sweep OER polarization curves in O,-saturated 0.1 M KOH for Pt/C (black) and TMB
(red). Potential sweep rate is 20 mV/s.

with bulk Mn3O4 precursor, approaching that of Pt/C. The observed diffusion-
limited currents for the TMB indicate that the ORR is mostly through a 4-electron pro-
cess. Additionally, the OER activity of the TMB significantly surpasses that observed
for Pt/C, demonstrating a high degree of catalytic reversibility. The increase in ORR/
OER activity for the TMB over the precursor can be attributed to its 2D morphology,
yielding an increase in surface-to-volume ratio, a reduction in resistive losses per vol-
ume of material, and the bottom-up formation of a stable and active MnO,
stoichiometry.

The overall performance of our TMB for the reversible oxygen reaction is in line with
previous MnO, nanomaterials.’*"?* The advantage here is the ease, reproducibility,
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and scalability with which our TMB flakes can be formed, greatly favoring the process
and material economics. The bottom-up fabrication also leaves the door open to
compositional tailoring, such as the addition of different transition metals and
even multi-component oxides, and stoichiometries of the catalysts, potentially
improving performance.

Lastly, it is important to distinguish this work from previous work in this field. We are

44455270 gince the latter

not comparing our results with top-down approaches
methods are more complicated, expensive, and time consuming. Compared with

previous bottom-up approaches, however, the following points are salient:

(1) In the vast majority of previously published bottom-up approaches in this
domain, the precursors were either divalent Mn salts'"?**” or KMnQO,4.7**
Furthermore, when Mn?* salts are the starting precursors, an oxidizing agent
such as H,0,"""? or bubbling air or O, is needed to yield birnessite.”’*
Otherwise, the reactions yield other Mn phases with reduced oxidation states,
such as pyrochroite, Mn(OH), or B-MnOOH.”" As far as we are aware, this
work is also the first where water-insoluble powders are used as a starting
point.

(2) Morphologically, by reviewing the various bottom-up protocols reported in
the literature, the obtained morphologies are usually crystallites,”’ relatively
thick sheets (20 nm thick),”? |o|ate|ets,73 or multilayers.74 It was not until 2008
that Kai et al."’ reported the formation of monolayer 2D flakes in a process
analogous to ours. In that work, however, the starting materials were
MnCl,, TMAH, and H,0,. Their AFM maps showed lateral sizes comparable
to ours, viz. =200 nm.*’

(3) Typical bottom-up approaches carried outat T < 100°C under ambient pres-
sures produce poorly crystalized birnessite flakes. To crystallize them, a
higher temperature annealing step, typically hydrothermal, is needed. Here-
in, the flakes in some areas are single crystals. As far as we are aware, such
clear SAED spots (e.g., Figures 2C and S3A) are not typical of flakes made
via a bottom-up approaches. Critically, since Kai et al. did not show any
TEM results, it is impossible to say anything about how well their flakes
were crystallized.

Lastly, starting with water-insoluble compounds greatly increases the chemical land-
scape allowing for doping. It is also quite likely that our overall yields are much
higher than when the precursors are water-soluble salts. We are currently investi-
gating this important aspect.

Summary and conclusions

Herein, we describe a simple, one-pot, cost-effective, fully scalable synthesis proto-
col that converts five water-insoluble Mn-powders—Mn304, Mn,O3, MnB, Mn,AIB,,
or MnsSiB,—into crystalline 2D hexagonal birnessite flakes. The transformation oc-
curs by immersing the precursor powders in 25 wt % TMAH aqueous solution in the
50°C-80°C temperature range under ambient pressures for tens of hours depending
on temperature. Like in our Ti-based work,”’ the TMAH plays a dual role: universal
solvent and templating agent. This procedure results in multilayered flakes that
are highly ordered in the stacking direction. From XRD patterns, an interlayer dis-
tance of 9.6 A is calculated. This distance is the sum of the thickness of a single bir-
nessite layer, estimated from DFT to be = 1.9 A, intercalated with TMA cations and
water. The a-lattice parameter obtained experimentally, 2.864 A, is also in excellent
agreement with our DFT calculations of 2.842 A. Furthermore, the calculated
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phonon-dispersion curves in our DFT work demonstrate that 2D birnessite is dynam-
ically stable.

AFM maps reveal that this process produces thin flakes =2 + 0.4 nm thick
and =200 nm across. SAED of TEM micrographs confirm the hexagonal symmetry
and crystallinity of our flakes. From XPS, XANES, and EELS, we conclude that the chem-
istry of our flakes is MnO5.,, where x = 0-0.3. APT maps verified the capability of ion ex-

change and the chemistry of the intercalants before and after washing with LiCl solution.

While bulk MnO, materials are inexpensive, the challenges associated with their
reproducible conversion into active nanomaterials, at scale, goes a long way to
reduce their cost advantage. As bulk MnO, materials are characterized by rela-
tively high resistivities, it is critical to reduce their nominal length scale to mitigate
resistive losses in catalytic electrodes. Additionally, high surface-to-volume ratios
are required to obtain sufficient turnover numbers per mass of active material.
These combined material characteristics for our birnessite yield electrocatalytic ac-
tivity for the reversible O, reaction commensurate with other MnO, nanomaterials
and rivaling that of commercial Pt/C but using a much simpler and scalable
approach. Lastly, it is worth noting that in recent work, we showed that birnessite
fabricated using our method functions quite well as the positive electrode in an
asymmetric aqueous supercapacitor with high energy density.”®

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Michel W. Barsoum (barsoumw@drexel.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets and code.

Materials synthesis and processing

Table S1 lists all the starting precursors and the reagents used in this work. Table S2
summarizes the synthesis conditions of all 14 runs conducted. In a typical synthesis pro-
tocol, the solid precursor powder is simply immersed—at ambient conditions—in a
TMAH solution and stirred mildly in the 50°C-80°C temperature range for 2-4 days
(see Table S2). The Mn:TMA molar ratio was kept constant at 0.47. The produced sedi-
ment is rinsed with ethanol until the pH =7 and is redispersed in deionized (DI) water
(18.2 MQ) to yield a stable colloidal suspension without stirring, sonication, or any other
processing steps. The suspension is lastly filtered to produce highly flexible, free-stand-
ing FFs. The focus of this work is mostly on flakes derived from Mn3QO, treated in TMAH
at 80°C for 4 days then washed with ethanol. That being said, both Mn30O4 and Mn,O3
are the cheapest among all precursors.

To assess the capability of ion exchange, an additional step of washing with a LiCl
solution was conducted, and the produced flakes were characterized using APT. A
5 M LiCl solution was added to the colloidal suspension obtained above. This re-
sulted in deflocculation. The sediment was shaken and rinsed with DI water through
centrifugation at 5,000 RPM for three cycles. The LiCl/Dl-water washing process was
repeated until the pH was =7. The resulting suspension was then vacuum filtered.
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Matter 5, 2365-2381, July 6, 2022 2375



mailto:barsoumw@drexel.edu

¢? CellPress

XRD

ARigaku SmartLab diffractometer operated with Cu Ko radiation was used in the Bragg-
Brentano geometry to acquire XRD patterns of vacuum-dehydrated FFs. The films were
scanned in the 2°-65° 26 range, using a 0.02° step size and a dwell time of 1 s/step.
Some samples were further characterized in the 2°-90° 26 range. We also obtained
XRD patterns, in transmission mode, on vertically oriented films.>1+>°

XANES

The XANES spectra are recorded at the ESRF beamline ID12 using total fluores-
cence-yield detection mode in a back-scattering geometry. The experimentally
measured spectra are corrected for re-absorption effects and normalized to unity
for the sake of comparison.

Raman spectroscopy

Raman scattering spectra of FFs were collected at 300 K in air. The samples were
excited with a 0.7-mW, 532-nm laser focused to a diameter of ~0.5 um. Scattered
light was collected in the back-scattering geometry and was dispersed and detected
using a high-resolution spectrograph equipped with a charge-coupled detector
array (Andor SR-500i, iKon-M).

XPS

A VersaProbe 5,000 (Physical Electronics, Chanhassen, MN, USA) instrument was
used to obtain XPS spectra. Each sample was analyzed before and after Ar™ sputter-
ing. The sputterings were carried out using a 3 kV Ar* ion beam for 120 s. Monochro-
matic Al-Ka X-rays with a pass energy of 23.5 eV, a step size of 0.5 eV, and a spot size
of 200 um was used to irradiate the sample surface. Samples were mounted on the
XPS stage using carbon tape. CasaXPS v.2.3.19PR1.0 software was used for peak
fitting and chemical-composition analysis. The obtained spectra were calibrated
by setting the C-C peak to 285.0 eV.

To determine the chemical composition, the global elemental ratios were first calcu-
lated by considering the total area under the Mn 2p peaks and only the Mn-O peaks
and Mn-OH components of the O 1s peaks, as given by the red and blue peaks in
Figure 3C, respectively, and their corresponding relative-sensitivity factors.

SEM

Micrographs were obtained using an SEM (Zeiss Supra 50 VP, Carl Zeiss SMT AG,
Oberkochen, Germany). The settings were set to an inlens detector, a 30 pm aper-
ture, and an accelerating voltage of 3 kV.

TEM

TEM imaging and electron-diffraction patterns were collected using a JEOL JEM2100F
field-emission TEM. The TEM was operated at 200 keV and had an image resolution of
0.2 nm. Images and diffraction patterns were collected on a Gatan USC1000 CCD cam-
era. Samples were prepared by first diluting the colloidal suspension then drop casting a
few drops on a carbon-coated, lacey-carbon, copper TEM grid.

HRTEM and EELS

Images were acquired with a JEOL 2200FS TEM at an acceleration voltage of 200 kV
using a 2,000 x 2,000 GATAN UltraScan1000XP CCD camera. For sample prepara-
tion, a small amount of the sample powder was redispersed in ethanol. After a short
sonication, 5 uL were drop cast onto a lacey-carbon grid and dried in air. The EELS
spectra were recorded in imaging mode. The core edges were extracted from the
background signal using a power law.
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AFM

Thicknesses of TMB flakes were obtained with an AFM (Multimode 8 AFM, Bruker Nano
Surfaces). A peak-force tapping AFM imaging mode was applied to acquire the surface
morphology and height profiles. The scanning was conducted with ScanAsyst-Air Silicon
Nitride Probes at a scan rate of 0.6 Hz. Topographic images were recorded as the res-
olution of 256 x 256 pixels and analyzed by Nano Scope Analysis software.

APT

Local chemical-composition analysis of Mn3O4-derived birnessite flakes was done
by laser-assisted APT using a CAMECA LEAP 4000X HR. Field evaporation was em-
ployed at 30 and 50 pJ laser pulse energy as well as 0.25% and 0.5% detection rate
for TMA*- and Li*-intercalated samples, respectively. A laser pulse frequency of 125
kHz and a base temperature of 30 K were used for both sets of samples, and approx-
imately 1 million ions were collected. IVAS 3.8.6 was used for reconstruction of
atomic positions. Needle-shape atom-probe specimens were prepared by focused
ion beam (FIB) according to a standard pro’cocol.75

TGA

A thermobalance (TA Instruments Q50, New Castle, DE, USA) was used for TGA.
Small pieces of FFs (=20 mg) were heated in sapphire crucibles at 10°C/min, under
purging Ar at 10 mL/min, to 800°C.

Optical properties

UV-vis spectra were recorded using a spectrophotometer (Evolution 300 UV-Visible,
Thermo Scientific). Measurements were performed in transmission mode on
1-10 pm thick films coated onto quartz slides.

DFT calculations

DFT calculations were performed using the Vienna Ab initio simulation package
(VASP)’® with projector-augmented wave (PAW) pseudopotentials.77 The electronic
configurations of the pseudopotentials were O:[He]2s?2p* and Mn:[Ar]3p®3d°4s?.
The exchange-correlation effects were modeled by employing the recently intro-
duced SCAN meta-GGA functional,®® which has been proven to yield accurate pre-
diction on both energetics and electronic structures of MnO, polymorphs without
the need to apply empirically fitted Hubbard U corrections.®**” The energy cutoff
of the plane wave basis was 600 eV. The integration in the first Brillouin zone was per-
formed with the Gaussian smearing method with a smearing width of 0.05 eV. A slab
model was adopted to construct the calculation supercell to simulate a single-layer
structure of birnessite. A vacuum region of 20 A was added along the normal direc-
tion of the atomic slab to eliminate interactions between periodic images perpendic-
ular to the slabs. Co-linear spin alignment was applied to capture the antiferromag-
netic configuration of the Mn sub-lattice. A 6-atom orthorhombic unit cell was used
for the structural relaxation and electronic structure calculations. A15 X 9 X 1 mesh-
ing was applied for the k-point sampling of the first Brillouin zone. For phonon cal-
culations, a 4 x 9 x 1 supercell was used with a k-point meshing of 3 x 3 x 1.

Electrocatalysis

Cell, electrolyte, and electrode preparation

All electrochemical experiments were carried out in a fluorinated ethylene propylene
(FEP) cell. Prior to its use, the FEP cell was soaked in 50% HNO3/50% H,SO, for 2 h fol-
lowed by repeated boiling and rinsing with Millipore water. Alkaline electrolyte solutions
were prepared using KOH pellets (99.99%, metal basis, Sigma) with Millipore water (18.2
MQ-cm, <3 ppb TOC). The electrolyte concentration was confirmed with a pH probe.
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Catalytic thin films were prepared on freshly cleaned glassy carbon disks (Sigradur G
HTW) by drop casting from an ink made from the Mn suspension (conc 1 mg/mL), XC-
72R carbon (1:1 ratio with Mn MOC), and a solvent that was 1:1 v/v IPA:H,O. One uL
of Nafion solution (5 wt % ion power) was added in a 1 mL of catalyst ink to aid the disper-
sion. Twenty plL of the catalyst ink was drop cast onto the glassy carbon disk and dried
under flowing Ar to achieve a 0.1 mg/cm? catalyst loading on glassy carbon.

Pt/C thin films were prepared by drop casting 14.7 ulL of the catalyst ink (1 mg/mL Pton
Vulcan carbon obtained from General Motors in 4:1 v:v H,O:IPA, 1 uL Nafion, 5 wt %) on
glassy carbon disk to achieve 15 pg/cm? Ptloading. Glassy carbon disks were polished by
1 um alumina micropolish (Buehler) followed by thorough rinsing with DI water.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.05.038.
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