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Abstract. The presence of oxygen vacancy sites fundamentally affects physical and chemical
properties of materials. In this study, a dipole-containing interaction between
poly(diallyldimethylammonium chloride) PDDA and «-MoO; is found to enable high-
concentrations of surface oxygen vacancies. Thermal annealing under Ar resulted in negligible
reduction of MoO3 to MoOs., with x=0.03 at 600°C. In contrast, we show that thermochemical
reaction with PDDA polyelectrolyte under Ar can significantly reduce MoOj3 to MoOs. with x =
0.36 (M00Oz264) at 600°C. Thermal annealing under H> gas enhanced the sub-stoichiometry of
MoOs., from x=0.62 to 0.98 by using PDDA at the same conditions. Density functional theory
calculations, supported by experimental analysis, suggest that the vacancy sites are created through
absorption of terminal site oxygen (O¢) upon decomposition of the N—C bond in the pentagonal

ring of PDDA during the thermal treatment. O; atoms are absorbed as ionic O and neutral O%,
creating Mo**-vy and Mo*"-v; vacancy bipolarons and polarons, respectively. X-ray

photoemission spectroscopy peak analysis indicates the ratio of charged to neutral molybdenum
ions in the PDDA-processed samples increased from Mo*"/Mo%*=1.0 and Mo>*/Mo®" =3.3 when

reduced at 400°C to Mo*"/Mo®" = 3.7 and Mo’"/Mo®" = 2.6 when reduced at 600°C. This is

consistent with our ab initio calculation where the Mo*'-v; formation energy is 0.22 eV higher

than that for Mo>*-v,, in the bulk of the material and 0.02 eV higher on the surface. This study

reveals a new paradigm for effective enhancement of surface oxygen vacancy concentrations



essential for a variety of technologies including advanced energy conversion applications such as

low-temperature thermochemical water splitting.

Keywords: Molybdenum oxide, oxygen vacancy, PDDA polyelectrolyte, defect engineering,

metal oxide, oxygen reduction

Introduction

The unique properties of Mo-based oxides including high electrochemical activity and
mechanical and thermal durability make them ideal materials for development of many
applications including efficient electrochemical energy storage systems.! Molybdenum oxidizes
exist in a wide variety of structures and stoichiometries.? Among these, a-MoOQs is layered with an
orthorhombic structure® and monoclinic MoO is known for high electrical conductivity.* Previous
studies on these materials have been carried out in the fields of Li-ion batteries,® supercapacitors,
3 hydrogen evolution reaction,® and oxygen reduction reaction.” The layered orthorhombic a-
MoO; with multiple oxidation states is particularly attractive because of its potential for ion
intercalation,® and its high work function (6.6 €V)° useful for organic light emitting diode

(OLED)!%-13 applications.

MoOs is a highly redox-active material as multiple valence states (Mo®", Mo>* and Mo*") have
been reported to exist as a function of electrochemical potential,® *1¢ or by oxidation catalysis
through interactions with methyl radicals.!” Further reduction of Mo>* to Mo*" has been reported
to occur through formation of a not fully-described intermediate specie by electrochemical electron
transfer coupled with a chemical reaction.® ! It has been reported that upon heating a.-MoOj3 under
vacuum for a long period of times (100 h at 700°C) a series of intermediate reduced M, O3,-1
stoichiometries such as Mo4Oi1,'® Mo17047, and MogOa3 are feasible with the most reduced form
being MoO,.? Formation of these reduced species involves a lattice rearrangement from corner-
shared octahedra to an edge-shared octahedra with a shear structure.>!* Spevack and McIntyre!®
reported that temperatures near 730°C were required in order to reduce MoOs thin films, originally
synthesized at a low temperature (250°C), to MoO,. Inzani and co-workers® investigated
reduction of MoOj3 powders and solution-processed films under dilute (5%) hydrogen gas. Shear
defects, nucleation and growth of reduced phases within the MoO3z matrix were investigated. They

reported that extended planar defects within the films acted as nucleation sites for Mo4On1.



Restructuring of the films upon reduction, in order to accommodate oxygen vacancies, was

observed.

a-MoOs3 becomes an n-type semiconductor by presence of oxygen vacancies as an oxygen
vacancy is a shallow donor in MoOs making MoOs., a degenerate n-type semiconductor.’

Furthermore, the presence of oxygen vacancies have been shown to substantially alter

21,22 23-25

physiochemical properties of MoOs such as optical properties and electrical conductivity.
Additionally, oxygen vacancy formation can increase interlayer distances,?! which can potentially
lead to improvement of electrochemical performance. Upon reduction of Mo®" to Mo’*, an
additional conduction band above the valence band is formed through Mo>*—Mo%" interactions.?
An additional charge carrier inserted into this conduction band causes a coupled lattice-electron

26, 27

distortion called polaron. A systematic shift of this polaron intervalence band in optical

absorption spectra from 2.48 to 2.11 eV has been correlated to a decrease of the metal to oxygen

ratio®- 28

The layered structure of a-MoOs consists of corner-sharing MoOg octahedra. This structure
includes three oxygen atoms: symmetric (Os), asymmetric (O,), and terminal or bridging (Oy). Oa
forms a long (2.25 A) and a short (1.73 A) asymmetric bond with two Mo atoms in the same
sublayer and has 2-fold symmetry, whereas Os contains 3-fold rotational symmetry with two equal
bonds (1.95 A) to Mo atoms in the same sublayer and a longer (2.33 A) bond with a Mo atom in
an adjacent sublayer. The shortest bond (1.67 A) is Mo-O; with only one Mo atom which is
perpendicular to the stacking direction.® ?°-32 Kim and Dunn et al? investigated the effects of
oxygen vacancies on the structure, chemistry, and charge storage properties of MoOs... Using
density functional theory (DFT) calculations, they found that a vacancy at oxygen terminal O site
with two Mo>" ions (bipolaron) near the defect center has the lowest formation enthalpy, and that
formation of a Mo*" polaron at the O site required slightly (0.19 eV) higher energy than bipolaron
Mo>*. Their calculations indicated that vacancy formation at asymmetric O, and symmetric sites
O;s were less favorable with energies of 1.17 eV (for Oa, Mo*" polaron) and 2.09 eV (for Os, Mo>*
bipolaron) higher than that of the Oy site with two Mo>" ions (bipolaron). The reduced MoO3.
retained the original structure during lithiation and delithiation, where incorporation of oxygen
vacancies caused a larger interlayer spacing and led to faster charge transfer kinetics and higher

specific capacity compared to the fully-oxidized MoQs.? In addition, O; vacancies have been



shown to be the catalytic active sites for various reactions including methane oxidation,* H>O and
CO adsorption,** hydrogen adsorption,** 3 methyl adsorption,*® and reduction of NO.*¢ Therefore,
oxygen vacancies essentially determine physical properties as well as chemical activities of
molybdenum oxides which is critical for many applications. This necessitates exploring and
discovering effective approaches for the creation of high concentrations of oxygen vacancies in
molybdenum oxides. In the present work, we report that the interaction between
poly(diallyldimethylammonium chloride) (PDDA) and a-MoOs is capable of inducing these
vacancies. Additionally, a new mechanism is proposed in order to explain the reduction reaction
pathway between the charged polymer and the metal oxide surface using experiments and DFT

calculations.
Experimental section

Chemicals. Pluronic P123 triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) copolymer (Myw = 5800, EO20PO70EO20), 1-butanol (anhydrous, 99.8%),
tetracthyl orthosilicate (TEOS), hydrochloric acid (HCI, 37%), ethyl alcohol (CH3CH,OH),
phosphomolybdic acid (PMA, H3PMo12040:xH20), poly(diallyldimethylammonium chloride)
(PDDA) were purchased from Sigma-Aldrich Co. LLC. Hydrofluoric acid (HF, 49%) was

purchased from Fischer Scientific Co. LLC. All chemicals were used as received.

Synthesis of mesoporous MoQ;3. Based on a previously described procedure,*” mesoporous
silica SBA-15 was produced by hydrothermal synthesis a temperature of 100°C for 24 h. 4.4 g of
PMA, as the Mo precursor, was impregnated into the channels of SBA-15 (1 g) already dispersed
in 25 g of ethanol. The mixture was vigorously stirred for 3 h at room temperature. The nanocasting
process was utilized through solvent evaporation®®:3° of ethanol inside a petri dish placed at 60°C
for 12 h. The obtained PMA/mesoporous silica nanocomposite (PMA@SBA-15) was calcined in
air at 550°C with a rate of 1 °Cmin™! for 4 h. The silica template in the obtained nanocomposite

was removed through etching in a 4% HF aqueous solution.

Synthesis of M0Oj3.x. 200 mg of mesoporous MoO3 was dispersed in a solution of 200 mL of
water:ethanol vol% 1:1. Then 100 pL of PDDA was added to the above solution. The mixture was

intensely stirred for 24 hours at room temperature. The PDDA/MoOs3 product was obtained by



centrifugation and dried. The final samples were obtained by annealing at 400 and 600°C under

Ar (100 sccm) and 5% H2/95% Ar (20 scem) for 3 hours with a ramp of 1 °Cmin’!.

Characterization. A Bruker D2 Phaser with Cu Ko radiation (L=1.54184 A) with an operating
voltage and current of 30 kV and 10 mA at room temperature was used in order to perform powder
X-ray diffraction (XRD) analysis. Quantitative determination of the phase composition was
obtained through Rietveld refinement of the XRD patterns using MDI Jade software. The peak
profile and background were fitted using a pseudo-Voigt and polynomial functions, respectively.
Nitrogen adsorption-desorption isotherms were obtained at -196°C on a Quantachrome
Instruments NOVA 2000€®. The degassing process was performed at 150°C under vacuum for a
period of 6 h and the Brunauer—Emmett-Teller (BET) method was used in order to calculate the
specific surface areas. The pore-size distributions of the samples were obtained by using the
Barrett—Joyner—Halenda (BJH) method. Phase contrast transmission electron microscopy (TEM),
selected area electron diffraction (SAED), and energy dispersive X-ray spectroscopy (EDS) were
performed using a JEOL 2010 FasTEM at 200 kV. X-ray photoelectron spectroscopy (XPS)
analysis was conducted on a PHI Model 590 spectrometer with multipoles (® Physical Electronics
Industries Inc.), with Al Ke radiation (Ephoton = 1486.6 V). A TA Instruments Hi-Res TGA Q500
thermogravimetric analyzer was used to perform thermal gravimetric analysis (TGA) from 25 to
800°C at a heating rate of 10 °Cmin™! and a flow rate of 60 mLmin™! under air and nitrogen. TGA
analysis on copper(Il) oxalate hemihydrate (98%, Alfa Aesar No. A15365) under N in order to
make sure there was no leakage in the TGA furnace. This was confirmed by observing no oxidation
in the TGA analysis as shown in Figure S1 in the supporting information. In addition, the error
due to weight loss measurements was obtained by performing the TGA analysis of Pt under Air
and N». The maximum error corresponding to the weight difference at 600°C was calculated as x
=+0.005. A TA Instruments SDT Q600 was used in order to perform differential scanning
calorimetry (DSC) analysis on the samples from room temperature to 1200°C at a rate of 10 °Cmin
Uunder Ar with a flow rate of 100 mLmin!. Zeta potential measurements were conducted on a

Malvern Instruments Ltd Zetasizer Nano ZS.

Density functional theory calculations. The Vienna Ab initio Simulation Package (VASP),*
was employed for conducting the density functional theory (DFT) calculations by adopting a basis

set of plane waves with kinetic energies up to 500 eV. Exchange-correlation energies were



obtained by using Perdew-Burke-Ernzerhof functional*! for all calculations. When the atomic
forces calculated during the optimization fall below 0.01 eV/A equilibrium structures were
assumed. According to the method established by ref. 3, Dudarev’s approach*’ was used to
describe the d electrons of Mo. U=6.0 eV was adopted for the onsite Coulomb term. The U value
may be different across materials. For MoQOs, there are a number of values used by different
researchers, who adopted different numerical details. These values include 5 e€V,* 6.3 eV,3044 3eV
and 7eV.* Here, U= 6 eV was chosen which, when combining with other details of the numerical
scheme, produces reasonable geometry with respect to the experimental data. Using the optB88-
vdW functional,*® #7 the dispersion van der Waals interaction was calculated. Rozzi and co-

workers*® used a different approach with tight binding LMTO-ASA program with LDA.

For the polaron (Mo*") and bipolaron (2 x Mo’") configurations, we adopted the procedure
described in ref. 49, i.e. intentionally localizing/delocalizing the electron density at the interest Mo
sites. Bulk MoO3 models were constructed based on a 3x1x%3 supercell of MoQOs. In order to model
MoO:s slabs, a vacuum layer in 10 A thickness was appended to the bulk models, which uncovered
O atoms on the (010) surface, and to suppress the interactions along the y-direction. This is the
most stable surface of MoOs because of its layered structure. PDDA-MoQOs3 interaction was
assumed to be on this surface. The relaxed lattice parameters of a =3.930 A, b=13.951 A, and ¢
= 3.711 A were consistent with those reported in Ding et al.*® Based on the performed Bader
charge analysis, the charge for Mo®", Mo®*, Mo*'were obtained as 2.11e, 2.66e, and 3.12e,

respectively. For these results, we note that we used 6 valence electrons for Mo.
Results and discussion

Mesoporous samples offer higher surface areas accessible for introduction of oxygen vacancies
suitable for surface-chemistry related applications.>® Thus, the nanocasting method using a SBA-
15 silica hard template’” was adopted in this work in order to effectively enhance the surface area
of the samples. Figure 1 shows TEM analysis of the templated sample after calcination at 550°C
in air and removal of silica SBA-15 template — subsequently denoted as fully oxidized O-MoOs.
A comparison between the TEM images of SBA-15 and O-MoOs, indicate that the hexagonally-
aligned nanowire structure of the parent template has been replicated, as shown in Figure la,b.

The BET surface areas were obtained as 529 and 50 m?g"! for the SBA-15 silica hard template and



O-MoO:;, respectively. The BJH pore size distributions of the SBA-15 and O-MoO; were focused
at 5.4 and 7.2 nm, respectively. The selected area electron diffraction (SAED) patterns and high
resolution TEM of O-MoOs3 are shown in Figure 1c,d. SAED patterns were assigned to the
orthorhombic phase of MoOjs along the [112] zone axis, and the phase contrast image revealed that
the sample was well crystallized. The EDS spectra of the mesoporous sample (Figure S2 in the
supporting information) displays strong signals from elemental Mo and O with no signals from
silicon, or other detectable impurities indicating the complete removal of the SBA-15 silica

template after the HF etching process.

Figure 2 demonstrates the high angle XRD patterns for all samples. O-MoOs refers to the
fully oxidized mesoporous sample templated by SBA-15, calcined at 550°C in air, and released by
HF etching. By annealing the fully oxidized O-MoO3 sample at 400 and 600°C under Ar or
5%H2/95%Ar, M003..—400 and MoO3.,—600 samples are obtained, respectively. The XRD
patterns of the samples annealed under Ar (Figure 2a) were referenced to an orthorhombic a-MoO;
with a space group Pbnm (space group 62) according to powder diffraction file #05-0508. From a
comparison between the XRD patterns of M0oO3.,—400 and O-MoO:3, it can be found that annealing
under Ar (400 and 600°C, 3 h) did not result in a full conversion of oxidized MoO3 to other
stoichiometries of the metal oxide. The weak peaks for MoO;,—600 are indexed to an
orthorhombic phase of M04O11 (Pna2i, space group 33, powder diffraction file #84-0687) and to
a triclinic phase of Mo1sOs2 (P-1, space group 2, powder diffraction file #74-1664), indicating
weak reduction at 600°C — and negligible reduction at 400°C — occurs by thermal annealing. The
Rietveld quantitative phase analysis indicates that the MoO3.,—600 sample contains 55.8, 33.1 and
11.1 wt% of MoOs, M01gsOs> and Mo4O11, respectively. In contrast, the XRD patterns of the
oxidized O-MoO; sample indicate significant reductions of MoO3 to MoOs., when thermally
reacted with PDDA polyelectrolyte. These samples are denoted as MoO3..—PDDA-400 and MoOs.
—PDDA-600 where Ar annealing was performed at 400 and 600°C, respectively. MoO;.,—PDDA-
400 pattern corresponds to the orthorhombic phase of MoO3 (84 wt%) and the monoclinic phase
of MoO: (16 wt%). MoOs.,—PDDA-400 shows changes in the orientation of crystal planes along
[020], [040] and [131] directions. Peak intensity ratios ljos0)/lf110] = 1.9, Ijo20)/I11107 = 1.3, and
Inst/Iiie; = 0.9 were measured for the MoO3—PDDA-400 whereas values Zjos0)/If110] = 1.0,

Ir0201/111101= 1.0 and I;131/111101= 0.4 were obtained for the O-MoO; sample. However, by increasing



the annealing temperature to 600°C (sample MoO3..—PDDA-600), the XRD pattern indicates the
presence of Mo4O11 (61.4 wt%), MoO> (28.3 wt%) and Mo1gOs2 (2.21 wt%), as indicated in Figure
2. The results of XRD analysis demonstrate the strong oxygen reduction of the oxidized sample
triggered by using a PDDA polyelectrolyte to enhance the thermal reduction reaction rate.
Exhibiting more intense reduction compared to the samples annealed under Ar at the same
conditions, the XRD patterns of the samples annealed under H>-containing gas (5% H2/95% Ar)
indicated that both samples without and with PDDA were fully reduced to MoO: at 600°C for 3 h
(Figure 2b).

The degree of reduction of the samples were calculated based on TGA analysis. The difference
between the weight loss under air (assuming saturation to the fully oxidized O-MoOs3) and nitrogen
(representing the reduced form, MoOs.,) atmospheres were used to calculate the amount of
vacancies, as illustrated in Figure 3. The sub-stoichiometry concentration x is calculated from the

balance equation
M,,(MoO3) = (1+[(% mass loss in air)—(% mass loss in N2)]/100) x M,(MoO3.) (1)

where M,, refers to the molecular weight. Table 1 contains the detailed information on thermal
treatment conditions, Rietveld quantitative phase analysis and the sub-stoichiometry parameter x
of the samples. For the oxidized samples reduced without the use of PDDA polymer, M00O3..—400
and Mo00O3.,.—600, the degrees of vacancies were calculated as x =0.01, 0.03, respectively. This
demonstrates negligible reduction of MoO; in the absence of PDDA. In contrast, degree of
reduction of x =0.14 (M0O2.6) and 0.36 (M0O2.64) were obtained for the reduction of oxidized
samples with the use of PDDA after thermal annealing at 400°C (M0O3..—PDDA-400) and 600°C
(MoOs3.,—PDDA-600), respectively. The weight loss due to PDDA decomposition is not observed
as it was previously removed during the annealing process confirmed by TGA analysis of PDDA
shown in Figure S3b. The TGA analyses indicated the PDDA interaction significantly enhanced
the oxygen sub-stoichiometry concentrations under both Ar and 5% H2/95% Ar atmospheres.
Figure 2c and 2d compare the TGA analysis of the samples without and with PDDA, respectively,
both pre-annealed under the H>-containing gas. It was observed that using PDDA polyelectrolyte
enhanced the weight difference between the oxidized and the reduces samples from 7.43 to 12.18%

under 5% H»/95% Ar at 600°C. Similar enhancement was seen from 3.06 to 8.2 at 400°C. As



calculated in Table 1, the sub-stoichiometry parameter x in MoOs., increased from 0.03 to 0.36 by
using PDDA under Ar, and from 0.62 to 0.98 by using PDDA under 5% H2/95% Ar gas. The results
of TGA analysis are in agreement with our conclusions based on the XRD data. The reduction of
samples with PDDA was further witnessed by differential scanning calorimetry (DSC) analysis
showing a disappearance of the endothermic peak corresponding to the MoO3 melting point at

798.6°C (Figure S3a, supporting information).

X-ray photoelectron spectroscopy (XPS) was employed in order to quantify the oxidation
states in O-MoO3, M0O3..—PDDA-400, and MoO3.,—PDDA-600 samples (Figure 4). The survey
XPS is shown in Figure S4 in the supporting information. The results indicated that MoOs involved
only peaks assigned to Mo®" in accordance to the XRD analysis. The high-resolution XPS analysis
of MoO3.—PDDA-400 and MoOs..—PDDA-600 exhibited peaks assigned to both Mo*" and Mo>*
which is a clear sign of reduction in these samples. The XPS surface area ratios of molybdenum
oxidation states were calculated as Mo*"/Mo®" =1.0 and Mo’>*/Mo®" = 3.3 for the M0oOs..—PDDA-
400 sample reduced at 400°C, showing that its surface consisted primarily of v;vacancy sites (v,
refers to an oxygen vacancy with a single positive charge according to Kréger-Vink notation).

Area ratios of Mo*"/Mo®" =3.7 and Mo>*/Mo®" =2.6 were obtained for the MoO;..—PDDA-600

sample reduced at 600°C suggesting that v sites form the majority of the vacancy species when

higher annealing temperatures are used (v, refers to an oxygen vacancy with two positive charges
according to Krdger-Vink notation). The area ratio of Mo*" in M0QO;..—PDDA-600 to Mo*" in
MoOs3..—PDDA-400 was calculated as 2.7. Thus, as annealing temperature increases from 400 to
600°C, the ratio of Mo*" increases significantly. This indicates that creation of Mo**-v(; vacancy
complexes likely requires higher thermal energies. The fitting parameters for XPS Mo®*, Mo”",

and Mo*" 3d3» and 3ds, spectral data and peak area ratios were compared with previous studies’!:

52 as presented in Table S1 in the supporting information.

In order to explain the strong reduction of MoOs by the PDDA polyelectrolyte, we propose the
following mechanism obtained through theoretical modeling. The interface between the polymer
and a-MoQs is illustrated in Figure 5a. PDDA is attracted to the surface of MoOs by strong
electrostatic forces that originate from its electrolyte group. We have confirmed the electrostatic

interaction experimentally by a zeta potential measurement where we observed a positive shift



from -53.3 mV for O-MoO3 to -7.02 mV for MoOs;.,—PDDA-400 and -8.27 mV for MoO3.,—
PDDA-600. Based on the TGA analysis of PDDA shown in Figure S3b in the supporting
information, the oxygen vacancy sites are created by absorption of Oy through decomposition of

PDDA upon thermal annealing at temperatures above ~215°C. As a result, O atoms are absorbed
as ionic O and neutral O%, causing the creation of Mo®*-v,, and Mo*'-v; vacancy complexes,

respectively. N—C and N—CH3 bonds were investigated as the most possible bonds to break and
absorb O.. The energy associate with the absorption of O through breaking of these bonds are
shown in Figure 5. The energy between the interface of PDDA and MoOs is defined as the

reference. According to our calculations, O, absorption through N—C bond in the pentagonal ring

is the most plausible reaction for formation of both the v vacancy (3.37 eV) and the v vacancy

(3.30 eV).

The formation energy of oxygen vacancy polarons in the bulk and surface MoOs., structures
have been calculated and is shown in Figure 6. The DFT calculations were conducted based on the
vacancy creations at O sites as this site advocates the lowest vacancy energy formation compared
to asymmetric O, and symmetric Os oxygen.? O; bonds with only one Mo site perpendicular to the
layers in the structure, whereas O, and Os bond with two and three Mo atoms, respectively. Our

DFT calculations suggest Mo*" and Mo>* as the most stable defect sites in both the surface and

bulk of 0-M0Os... The formation energy of a Mo*"-v;; vacancy complex was calculated as 0.22

and 0.02 eV higher than those of Mo®>*-v;; in the bulk and on the surface, respectively. Direct
g 0

comparison between the Mo*" and Mo>* cases is allowed as we have used a bipolaron of Mo>" to
maintain an equal total number of electrons. The Mo>" bipolaron configuration is taken as the
lowest energy configuration from ref. 3. This indicates that the formation of Mo*" vacancies is
more favorable on the surface of the material compared to within the bulk. In addition, the slightly
higher formation energy of Mo*" compared to Mo’ is in agreement with our XPS analysis which
indicated the formation of Mo** required higher thermal energy. The creation of oxygen vacancies
on the surface is essential for metal oxide catalytic activity where the surface is directly involved

in the reaction.>3

Furthermore, MoO3 work function was calculated 6.83 eV above the Fermi energy, which was
consistent with the results reported by Guo et al.® The calculated band gap of bulk MoO; was
obtained as 1.70 eV, being consistent with 1.62 eV calculated by Huang et al.*’ Both of these

10



results are significantly lower than the true band gap of 3.3 eV (3.0-3.3 eV® ) because DFT with
(semi) local XC functionals is well known to severely underestimate the solid band gap. To better
estimate this important quantity, using the HSE06 hybrid XC functional® which is a standard way
but at a tremendously higher computational cost. The band gaps of MoOs., were calculated using
this scheme. Figure 7 demonstrates the calculated density of states (DOS), band gaps and the
corresponding structures for MoOs., with x=0.0, 0.17, and 0.33. The actual calculated band gap
was 3.2201 eV for x=0.0 and 2.8786 eV for x=0.17. Interestingly, a metallic behavior with a band
gap of 0.0 eV was calculated for x=0.33.

In a previous study, Borgschulte e al.>® reported the reduction of a 10 nm-thick MoOs thin
film deposited on a Pd membrane using thermal evaporation by H: intercalation at room
temperature. In order to investigate whether the Hz-containing gas treatment at room temperature
induces considerable reduction in bulk scale powder MoOs, 200 mg of Alfa Aesar No. 12930
(denoted as Ref. MoO3) was kept under (5% H2/95% Ar) at room temperature for 12 hours. The
XRD patterns of the sample before the treatment and after the treatment are shown in Figure S5 in
the supporting information. As can be observed, both patterns are assigned to MoOj3 orthorhombic
phase indicating that no reduction in the bulk of the material has occurred due the room-
temperature treatment. The calculation based on the TGA analysis of the treated sample shows a
very small x = 0.036 even after heating to 600°C during the TGA analysis (Figure 8b). This
negligible vacancy concentration seems to be from the vacancy initially present in the pristine Alfa
Aesar No. 12930 sample by comparing the TGA results to that of the sample annealed under Ar
with x=0.035 as shown in Figure 8a. In addition, we investigated the effects of annealing time and
PDDA concentration on the sub-stoichiometry of MoOs... Based on the performed TGA analysis
for Ref.-MoOs.x samples, increasing the annealing time under Ar resulted in a large sub-
stoichiometry parameter x =0.86 (Figure 8c). In contrast, by increasing the PDDA concentration
by 10 times from 100 to 1000 pl, x =0.42 was obtained (Figure 8d). Thus, sub-stoichiometry

appears to be more dependent on the annealing time compared to the polyelectrolyte concentration.
Conclusion

The thermochemical reaction mechanism between a PDDA polyelectrolyte and an a-MoOs

metal oxide was determined by a combined experimental and theoretical investigation. Our

11



experiments indicated that if the fully oxidized MoOs is annealed at 400 and 600°C under Ar for
3 h, a-MoOs is negligibly reduced to MoOs. with x=0.01, 0.03, respectively. In contrast, if the
fully oxidized a-MoOs is treated with PDDA polyelectrolyte, significant vacancy concentrations
form allowing transformation to MoOs.,, where x = 0.14 (M0O23¢) and 0.36 (M0O2.64) were
obtained for annealing temperatures of 400 and 600°C, respectively at the same conditions. Similar
reduction behavior was observed under 5% H2/95% Ar as the sub-stoichiometry x was increased
from 0.62 to 0.98 by using the PDDA treatment. This phenomenon was explained by absorption

of O upon decomposition of PDDA, where our DFT calculations suggested that O; atoms were

absorbed into the pentagonal ring of PDDA as ionic O and neutral O* creating Mo’ *-v,and Mo**-

v, vacancy complexes on the metal oxide surface. Due to crucial role of oxygen vacancy
concentration in determining physical or chemical properties of materials, the study of similar
interactions of oxide materials with PDDA or other polymers in the polyelectrolyte family is

suggested for future investigations.
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Figures and Figure Captions

Figure 1. Transmission electron microscopy (TEM) analysis of SBA-15 silica hard template
and mesoporous fully oxidized O-MoOs. TEM images of mesoporous (a) SBA-15 and (b) O-
MoO:s. (c) High resolution TEM of O-MoOs3 and (c, inset) fast Fourier transform (FFT). (d)
selected area electron diffraction (SAED) pattern along the [112] zone axis for O-MoOs.
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Figure 2. X-ray diffraction (XRD) analysis reveals routes to creating sub-stoichiometric
MoOs. XRD patterns for the mesoporous fully oxidized O-MoO3, oxidized samples annealed
under Ar without PDDA polymer (M00O3.,—400 and M0O;,—600) at 400 and 600°C under Ar
respectively, and oxidized samples annealed under Ar with PDDA polymer (MoO;.,—PDDA-400
and MoO3..—PDDA-600) at 400 and 600°C under Ar respectively. (b) XRD patterns of MoO3..—
600 (sample with no PDDA) and MoO3..—PDDA-600 (sample with PDDA) annealed under 5%
H2/95% Ar at 600°C. The weak peak at 26=23.4° (asterisks) is due to K-beta emission from the

copper anode of the X-ray diffractometer.
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Table 1. Detailed annealing conditions, Rietveld refinement phase analysis and oxygen sub-

stoichiometry concentration “x” in MoOs., determined by thermogravimetric analysis as given by

equation (1).

Annealing conditions , Rietveld refinement x (x0.005)
Annealing
Sample ID = = = gas based on
emperature ate ime TGA
(OC) (OC min_1) (h) MoO3; M01505:M0150s2 MoO2
0O-Mo0Os 550 1 4 Air 100%  -- -- -- 0.00
MoOs.-400 400 1 3 Ar 100%  -- -- -- --
MoOs.~600 600 1 3 Ar 55.8%33.1% 11.1% -- 0.03
MoQOs.—PDDA-
400 400 1 3 Ar 84.0% -- -- 16.0% --
MoQOs.—PDDA-
600 600 1 3 Ar --  61.4% 10.3% 28.3% 0.36
MoOs.—-600 600 1 3 5%H/95%Ar  -- -- -- 100% 0.62
MoQOs.—PDDA-
600 600 1 3 5%Hz/95%Ar  -- -- -- 100% 0.98
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Figure 3. Thermogravimetric analysis (TGA) indicates PDDA treatment is effective
reduction of M0Os. Air and nitrogen TGA analysis of: (a) O-MoOs3 (sample without PDDA), (b)
MoO3..—PDDA-600 (sample with PDDA) annealed under Ar at 600°C, (¢) M0O3..—600 (sample
without PDDA) annealed under 5%H2/95%Ar at 600°C, and (d) MoOs.,—PDDA-600 (sample with
PDDA) annealed under 5% H2/95% Ar at 600°C. Using the comparison between the weight
loss/gain in air and nitrogen, the value of x is quantified according to equation (1). Prior to TGA
characterization, both samples were annealed under the specified gas at 600°C for 3 hours. For this
reason, weight loss due to PDDA decomposition did not appear in the obtained data as the
polyelectrolyte was removed during the annealing process. Therefore, any weight loss/gain can be

ascribed to oxygen sub-stoichiometry.
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Figure 4. X-ray photoelectron spectroscopy (XPS) indicates valence state of oxygen vacancy
defects created by metal oxide/PDDA interaction. Deconvolved Mo 3d XPS spectra of pure
mesoporous fully oxidized O-MoO; and of reduced MoO;3.,—PDDA-400 and MoO3..—PDDA-600

samples.
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Figure 5. Density functional theory (DFT) calculations elucidate a pathway for PDDA-
assisted reduction of a-MoO; to a-MoOs.x. (a) Interface between the PDDA polyelectrolyte
(positively charged molecule) and the surface of a-MoOs is used as the reference state for DFT
calculations, where two monomers are modeled as the repeating unit of PDDA to minimize the
dipole-dipole interaction. (b-e) DFT calculations of the energy required for bond-breaking and
insertion of a surface oxygen atom, Oy, by a PDDA polyelectrolyte molecule in order to create (b,
¢) Mo’*-v;and (d, e) Mo**-v( vacancy complexes through the breaking of (b, d) a N—CH3 bond
and (c, ) a N—C bond in the pentagonal ring of PDDA.
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Figure 6. DFT calculations of the internal energy of formation for oxygen vacancies in a-
MoOs... (a) Bulk and (b) surface bipolaron of Mo*" and (c) bulk and (d) surface polaron of Mo*".
The bipolaron configuration in (a,b) is based on the lowest energy configuration given in ref. 3.
The internal energy in (c,d) is referenced to that of (a,b) respectively to highlight the difference
between Mo*" and Mo®" oxidation state formation, where a bipolaron of Mo®* is used to enable

direct comparison as the total number of electrons is equal in all panels.
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Figure 7. Ab initio electronic density of states and band gap of MoOs.,. Calculated DOS using
the optB88-vdW exchange correlation functional for (a) x=0.0, (b) x=0.17, and (¢) x=0.33. (d)
Electronic band gaps for different oxygen vacancy concentrations calculated using the HSE06

hybrid XC functional.
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Figure 8. Thermogravimetric analysis (TGA) indicating the effects of annealing

temperature, time, and PDDA concentration on reduction of M0oO3. Air and nitrogen TGA
analysis of: (a) Ref.-MoO; (Alfa Aesar No. 12930, without PDDA) annealed under Ar at 600°C
for 3 h, (b) Ref.-MoOs kept under 5% H; in Ar at room temperature for 12 h, (c) Ref.-MoOs—
PDDA (Alfa Aesar No. 12930, with PDDA) annealed under Ar at 600°C for 12 h, and (d) Ref.-
MoOs -10xPDDA (Alfa Aesar No. 12930, with 10 times more vol.% PDDA than in (¢)), annealed

under Ar at 600°C for 3 h. The obtained results indicate the sub-stoichiometry concentration seems

to be more dependent on annealing time compared to PDDA concentration.
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Polyelectrolyte facilitates creation of surface oxygen vacancies
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Figure S1. (a) Thermogravimetric analysis (TGA) of copper(Il) oxalate hemihydrate 98%, Alfa
Aesar No. A15365 under Nz. (b) TGA analysis of Pt under air and N>. The TGA analysis of
Copper(Il) oxalate hemihydrate with no oxidation confirms there is no leakage in the TGA
instrument. The weight difference between Pt analysis in air and N> was used as the error in the

MoOs., weight loss measurements by TGA, where we obtain a confidence value in x of £0.005.
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Figure S2. Energy dispersive X-ray spectroscopy (EDS) spectrum of O-MoQOs. The C and Cu
peaks arise from beam interactions with the grid and sample holder. No peak from Si was detected,

indicating the complete removal of the SBA-15 silica hard template.
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Figure S3. (a) Differential scanning calorimetry (DSC) analysis under argon showing the
disappearance of the endothermic phase transition corresponding to melting point of MoOs
towards higher temperatures in reduced samples MoO;.,—PDDA-400 and MoO3..—PDDA-600 as
compared to the fully oxidized O-MoOs. This disappearance is due to higher melting points of
MoQOs.r and MoO; compared to MoO3 (measured at 798.6°C for O-MoQOs3). (b) Thermal

gravimetric analysis (TGA) of the PDDA polyelectrolyte indicating its decompositions under air

and nitrogen atmospheres.
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Figure S4. Survey X-ray photoelectron spectroscopy (XPS) spectra of the fully oxidized O-MoOs3,
reduced MoQO3..—PDDA-400, and reduced MoO3..—PDDA-600 samples.
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Table S1. Fitting parameters for XPS Mo®*, Mo>* and Mo** 3ds, and 3ds), spectral data and peak
area ratios.

Mo® 3ds>, Mo® 3ds, Mo® 3dsz Mo® 3ds, Mo** 3ds. Mo** 3ds.

Sample
binding area binding area binding area binding area binding area binding area
energy (€V) (%) energy (V) (%) energy(eV) (%) energy(eV) (%) ienergy(eV) (%) energy (V) (%)
0O-MoQO; 236.34 40.0 23320 60.0

MoOs.,—PDDA-400 236.89 7.62 23320 114 @ 23484 248 23150 37.2 23299 7.58 22913 114

MoOs.,—PDDA-600 236.77 547 23335 82 | 23466 144 23121 216 | 23241 201 22912 30.2

233.42 60.1 23222 39.4

H St - - . . . o
MoOs., Inzani et al. on305 860 53501 138 22982 05
MoQOs., Scanlon et 231.49 228.29
al.$? 23563 - 23248 -~ B B B T MoO2) T (MoO2)
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Indexed as MoQO,, PDF #35-0609

Ref.-MoO; after room
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Figure S5. XRD patterns of bulk MoO; (Alfa Aesar No. 12930, denoted as Ref.-Mo0O3). XRD patterns
of the Ref.-MoQ; pristine sample compared with those of Ref.-MoO; kept under 5%H»/95%Ar gas at room

temperature for 12 h. No reduction of MoQ; is observed with room temperature H treatment.
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