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1. Catalyst characterization

The powder X-ray diffraction (XRD) patterns were collected using a D/max 2500 X-
ray powder diffractometer at a scan rate (20) of 2° min'! with Cu Ko radiation operated
at 40 kV and 200 mA. The Brunauer-Emmett-Teller (BET) surface area, pore volume
and pore size distribution of samples were measured by an autosorb-iQ instrument.
Prior to the measurement, the samples were degassed at 473 K for 2.5 h. Inductively
coupled plasma mass spectrometry (Thermo iCAP RQ) was carried out to determine
the actual values of the Mn/Zr amounts in samples. The high-resolution transmission
electron microscopy (HRTEM) was conducted using a JEM-2011F operated at 200 kV.
X-ray photoelectron spectroscopy (XPS) analysis was performed on an
ESCALAB250XI with Al Ko radiation. X-ray absorption spectroscopy (XAS) was
performed at the 4B9A beamline, Beijing Synchrotron Radiation Facility (BSRF). H,-
TPR and O,-TPD tests were carried out on an AutoChem HP 2950 and II 2920,
respectively. For H,-TPR, 100 mg samples were pretreated in an Ar flow at 200°C for
30 min. Then, the samples were reduced in a flow of 10% H,/Ar (50 cm?® min-!) and the
temperature was increased from 50 to 700 °C at a heating rate of 10 °C min™!. Prior to
O,-TPD, 100 mg samples was treated in an Ar flow at 300 °C for 30 min and then
oxygen adsorption proceeded with exposure to 5 % O,/He (50 cm? min-') for 30 min.
After that, the samples were purged in a He flow (30 cm?® min'!) and kept for 60 min.
Then, the temperature was increased from 50 to 800 °C at a heating rate of 10 °C min
I, The in situ diffuse reflectance FTIR spectroscopy (DRIFTS) was recorded in Nicolet
iS50 in the range of 1000 - 4000 cm! with 32 scans at a resolution of 4 cm™!. Prior to
each measurement, all samples were pretreated at 240 °C for 2 h in a N, flow to remove
any surface impurities. The background spectrum was subtracted from each spectrum,
respectively. The samples were tested at 240 °C under the following conditions: 1000

ppm toluene and 20% O, balanced by N,. The total flow rate was 50 mL min-'.

2. Computational detail
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All calculations were based on the density functional theory (DFT) and performed
with the Vienna ab initio simulation package (VASP) code.! The exchange and
correlation energy functional was expressed in the GGA-PBE.? Projector-augmented
wave method was used to describe the interactions between ions and electrons.>* The
valence electrons were solved in the plane-wave on basis with a cutoff energy of 400
eV.> The convergence criteria for the energy calculation and structure optimization
were set to 1.0x10° eV and a force tolerance of 0.01 eV/A, respectively. The
Monkhorst-Pack k-point mesh for the Brillouin zone sampling was performed using a

3 x 3 x 1 mesh with Gaussian smearing set to 0.05 eV.>7

The most stable (-111) and (111) surfaces of monoclinic and cubic zirconia were
chosen for the calculations respectively, which consisted 12 atomic layers (four O-Zr-
O trilayers) (Figure 1). 8 The (1x1) and (2x2) unit cells were used for m-ZrO, (-111)
and c-ZrO, (111), respectively.” 1% In order to minimize the interaction between distinct
slab surfaces, the vacuum space that perpendicular to the surface was set to 15 A.
During geometry optimization, the top six atom layers of zirconia were relaxed, while
bottom six atom layers were fixed in their bulk positions. The adsorption energy was

defined by:

E., = E(adsorbate / surface) — E(adsorbate) — E(surface) (S1)

where E(adsorbate / surface) E(adsorbate/surface) is the total energy of a surface

interacting with adsorbate, E(adsorbate)and E(surface)are the energies of the

isolated adsorbate and clean surface, respectively. Therefore, a negative value means
exothermic adsorption. The more negative the adsorption energy, the stronger the

adsorption.!! The oxygen vacancy formation energy was calculated by:

E, =E +=E, (S2)

surface-O,, 2 N surface

S-3



where E_ . . 1sthe energy of perfect surface, E_ . ., 1s the energy of defective surface

with an oxygen vacancy and E, is the energy of a gas-phase O,.

Top view

Side view

(a) m-ZrO,(-111) surface (b) Mn-doped c-ZrO,(111) surface

Figure S1. The optimized structures of (a) m-ZrO, (-111) and (b) Mn-doped c-ZrO,

(111) surface.
3. Calculation of Weisz-Prater Criterion:
The mass-transfer effects were checked by the Weisz-Prater Criterion (Ny.p). If

“? <03, then internal diffusion effects can be neglected.!>!4

(S3)

Where r, = reaction rate per volume of catalyst, mol/(m?s)
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R, = catalyst particle radius, m
C, = reactant concentration at the surface of the catalyst, mol/m?

D

. = effective gas phase diffusivity, m?/s.

The effective diffusivity D, is related to the mean free path (4, m).

_ k,T
\/EndzP

toluene

A (S4)

k,= the Boltzmann constant, J/K

P

toluene

= partial pressure of toluene, Pa

d = diameter of toluene, m

If the mean free path (4 ) is much larger than the pore sizes of the catalysts (4, ), the

pore diffusion will be dominated by Knudsen diffusion.

d
Deﬁ,EDanl)?p (SS)
SRT\"
7= (—j (S6)
M

D, = the Knudsen diffusivity, m?/s

» = the mean velocity of the gas phase toluene, m/s
M = molar mass of toluene, kg/mol.

In the current work, a total gas flow rate of 50 mL min~!' and an average catalyst

particle size of 0.26 mm were employed for the kinetic study. The concentration of
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toluene employed in the feed gas was 1000 ppm. For ZrO, catalyst, the mean free path
(A1) was 2.36x10* nm at 295 K and is much larger than the pore sizes of ZrO, catalyst

(d,= 6.5 nm). Therefore,

d d 12
g = Dy, =0 —=—= ﬂ] =7.88x107 m%/s
3 3\aM

N,,=0.016<<0.3

For Mng sZr( 950, catalyst, the mean free path (1 ) was 2.49x10* nm at 245 K and is

much larger than the pore sizes of Mng sZr( 95O, catalyst (dp = 3.8 nm). Therefore,

d d 12
D, =Dy, = 5-P=-P(8R_Tj — 4.40x107 m?s
: 3 3\aM

N, ,=0.087<<0.3

For Mn, ;Zr, 9O, catalyst, the mean free path (1) was 2.44x10% nm at 235 K and is

much larger than the pore sizes of Mng 5Zr( 950, catalyst (dp = 3.8 nm). Therefore,

d d 1/2
D, =Dy, —pL=_r ﬂ =4.35x10"7 m?/s
3 3\ M

N,.,=0.065<<0.3

For Mng,Zr, 30, catalyst, the mean free path (1) was 2.47x10% nm at 215 K and is

much larger than the pore sizes of Mng sZr( 95O, catalyst (dp = 3.4 nm). Therefore,

d d iz
(M—Tj — 3.81x107 m/s

N, ,=0.090<<0.3
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For Mng 3Zr, ;0 catalyst, the mean free path (1) was 2.45%10% nm at 205 K and is

much larger than the pore sizes of Mng sZr( 95O, catalyst (dp = 3.4 nm). Therefore,

D,

eff Kn

=D, = Ed—”=d—p(8RT
3 3\ oM

N, ,=0.079<<0.3

12
—j =3.77x107 m?%/s

Therefore, the diffusion effect for Mn,Zr, O, catalysts could be neglected during the

kinetic experiment. There were no significant mass transfer limitations in our catalytic

system.

4. Results

Table S1. Physical-chemical and toluene catalytic properties of MB-x catalysts

Samples SBET Total Pore Tsg Tgo (°C)  Conversion Rgat210 Drwat 210 Dgg, at 210
(m%g) pore diameter (°C) at210°C  °C® °C® °Ce
(cm’/g)  (nm) (%)
(mmol h'  (mmol g!' h- (mmol h!)
m-2) n
MB-0.05 106.8 0.31 7.8 283 311 0.54 1.37<10*  0.15x102  0.79x10°
MB-0.1 106.4 0.28 6.5 276 301 1.13 2.84x10%  1.83x102  1.82x10°
MB-0.2 93.0 0.29 7.8 260 282 2.23 6.41x10*  8.23x102%  6.32x10°
MB-0.3 87.8 0.27 7.8 252 267 3.35 10.2x10+  13.7x102  12.4x10°

Specific toluene reaction rate of MB-x samples estimated at 210 °C. ? The differential reaction rate

per unit weight at 210 °C between Mn,Zr 4O, and MB-x. ¢ The differential reaction rate per unit

surface area at 210 °C between Mn,Zr;.,O, and MB-x.
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Table S2. O, adsorption energy, oxygen vacancy formation energy and O-O bond

length on different Zr and O sites of m-ZrO, (-111) surface.

Site (Zt/O) 1 2 3

4
E,,(eV) 5.84 5.96 5.91 6.13
E03-aas (€V) 0.37 0.35 0.33 0.36
0-O bond length (A) 1.23 1.24 1.24 1.24
(a)

Intensity (a. u.)

Mn,0, JCPDS 41-1442 ‘
AERInEnnh
40 50 60 70

20 (degree)

80

Figure S2. (a) XRD patterns and (b) HRTEM image of Mng 4Zr( cO, sample.
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Figure S3. HRTEM image of (a) Mny ¢5Z19.950,, (b) Mng 1Z1,90, and (c) Mng 21, 3O,

samples.
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Figure S4. Arrhenius plots of toluene reaction rates over Mn,Zr, ,O, catalysts.
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Figure S5. (a) XRD patterns and (b) Nitrogen adsorption-desorption isotherms together

with corresponding pore-size distribution curves of MB-x catalysts.

Figure S6. HRTEM image of (a) MB-0.05, (b) MB-0.1, (c) MB-0.2 and (d) MB-0.3

samples.
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Figure S7. (a) Toluene conversion over MB-x catalysts and (b) the relationship

between differential reaction rates per unit weight (Dg,) and unit surface area (Dgg,) of

samples and manganese content X.
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Figure S8. (a) The durability test of the Mng3Zr, 70, catalyst at 240 °C and (b) The
catalytic stability as a function of temperature over Mng3Zry;0, catalyst in the
temperature cycle experiment. The sample was repeated three times. Reaction

conditions: 1000 ppm toluene, 20 % O,, WHSV = 60 000 mL g ;"' h-'.
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Figure S9. Different Zr or O sites on m-ZrO, (-111) surface.
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(¢) Zr-3 site (d) Zr-4 site

Figure S10. The optimized structures of O, adsorptions on (a) Zr-1 site, (b) Zr-2 site,
(c) Zr-3 site and (d) Zr-4 site of m-ZrO, (-111) surface.
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Figure S11. Dynamic changes of in situ DRIFTS of MB-0.3 sample as a function of
time in a flow of O, + toluene + N, at 240 °C. Reaction conditions: 1000 ppm toluene

and 20% O, balanced by N,. The total flow rate was 50 mL min-!.
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