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A series of MnO
x
–ZrO2 catalysts is prepared by coprecipitation with variation of the calcinationtemperature 

from 400 °C to 800 °C. It is shown that the catalyst calcined at 650-700 °C exhibits the highest activity in 

the propane oxidation reaction. The MnO
x
–ZrO2 catalyst is studied by operando X-ray diffraction under 

conditions of the propane oxidation reaction. The structural features of the catalyst are examined upon 

heating in propane or oxygen media or at the propane:oxygen ratio of 1:6. It is found that in pure propane, 

there is the dehydrogenation reaction on the catalyst with the formation of propylene and hydrogen and is 

accompanied by a change in the catalyst structure. The initial catalyst consists of a (Mn, Zr)O2 solid 

solution and Mn2O3 oxide. During the reaction, Mn cations are reduced in both (Mn, Zr)O2 solid solution 

bulk and compositions of crystalline oxides: Mn2O3 → Mn3O4 → MnO. Under the catalytic conditions of 

the propane oxidation reaction and in pure oxygen, the catalyst structure remains unchanged. 

DOI: 10.1134/S0022476622060051 
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INTRODUCTION 

At present, many works have been published on the application of manganese-containing oxides as catalysts. 

Interest in catalysts based on transition metals is explained by their practical importance: they are an alternative to catalysts 

based on precious metals, combining a low cost, an increased thermal stability, and the resistance to poisoning with chlorine- 

and sulfur-containing compounds [1-3]. The activity of manganese oxides is due to the ability of ions of this element to easily 

change the oxidation state, the variety of its oxides, and the capacity of its crystal lattice with respect to oxygen. Manganese-

containing oxides can also be used as catalysts for the oxidation of hydrocarbons and volatile organic compounds and in 

selective reduction reactions. In all the cases mentioned, the redox properties of manganese oxides play the key role. 

Moreover, it is must be kept in mind that the activity of these catalysts is directly associated with conditions of the process. 

For instance, the phase composition and charge state of oxides substantially change depending on the fuel combustion 

conditions (excess or deficiency of fuel (hydrogen, hydrocarbons) in the gas mixture. 
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In mixtures with a high content of fuel, manganese is mainly in Mn3O4 or MnO states; in mixtures depleted with 

fuel, oxygen-enriched MnO
x
 (Mn2O3 or MnO2) particles are stabilized [4]. Stobbe et al. investigated manganese oxides as 

compounds stocking up oxygen during cyclic methane oxidation. Manganese oxides are reduced in methane to low-valent 

MnO oxide. In the oxygen-containing atmosphere, MnO particles rapidly transform into Mn3O4 and Mn2O3 [5]. Pike and 

coauthors performed in situ diffraction experiments to analyze the reduction of Mn3O4 to MnO in CO and reverse oxidation 

of MnO to Mn3O4, Mn5O8, Mn2O3 with oxygen [6]. The structure of manganese oxides is sensitive to the treatment medium, 

reduction and reverse reoxidation processes readily proceed, with the routes of solid-phase transformations depending on 

treatment conditions and the precursor structure. 

According to a number of works, the cationic environment also significantly affects the oxide redox properties 

[7, 8]. The reduction of (Mn,Co)3O4 mixed oxides differs from the processes occurring in Mn3O4 and Co3O4 simple oxides, 

which is related to that there are two cations in one oxide matrix in which oxygen is more strongly held by the oxide structure 

[8-10]. (Mn,Ga)3O4 is characterized by the reduction of Mn cations in the solid solution bulk with a loss of excess oxygen at 

first, and then the isolation of MnO as a separate phase [7, 11]. For (Mn, Zr)O2 mixed oxide it is shown that its reduction is  

a two-step process. At the first step, manganese cations (Mn3+ → Mn2+) are reduced in the solid solution bulk; at the second 

step, manganese cations are segregated on the surface. During further reoxidation, manganese remained on the surface as 

manganese oxide particles [12]. However, the behavior of the system remains unclear when oxidation and reduction 

processes compete with each, as it occurs during a catalytic reaction. The effect of the СO/O2 ratio on the structure of the 

MnO
x
–ZrO2 catalyst with the cation ratio Mn/Zr = 3/2 has been studied previously: in an excess of СО, catalyst reduction 

was observed, however, this process is reversible, and reoxidation leads to the formation of the initial state [13]. If the reagent 

nature is varied, the processes taking place in the catalyst bulk can change because of different adsorption characteristics of 

substrates and the occurrence of additional reactions (formation of carbon on the catalyst surface, carbides in the interaction 

with hydrocarbons). 

The aim of this work was to study the (Mn, Zr)O2 catalyst state under redox conditions of propane oxidation. The 

catalyst state was investigated by powder X-ray diffraction (XRD) directly under catalytic oxidation conditions 

simultaneously with the detection of reaction products by a quadrupole mass spectrometer or operando. 

EXPERIMENTAL 

Synthesis. Catalysts with the ratio Mn/Zr = 3/7 were prepared by precipitating hydroxides from a combined solution 

of ZrO(NO3)2 and Mn(NO3)2 salts by a gradual addition of NH3(aq) to it with constant stirring up to рН 10. The obtained 

precipitate was filtered off, washed with water to рН 6, dried at 120 °C, and then calcined at a given temperature for 4 h. The 

treatment temperature was varied from 400 °C to 800 °C. Catalysts were designated as Mn–Zr-T, where T is the calcination 

temperature. The Mn content in the catalyst is governed by that, according to the reported data, a homogeneous solid solution 

is formed at the ratio Mn/Zr = 3/7 [12]. 

Ex situ and operando powder XRD. XRD patterns of initial samples were measured on a Bruker D8 Advance 

(Germany) diffractometer in the 2θ range from 20° to 90° with a step of 0.05° and a point acquisition time of 5 s. CuKα 

radiation with a nickel filter was used (λ = 1.5418 Å). The operando analysis was carried out on a precision diffractometry 

station installed on the sixth channel of the VEPP-3 storage ring (Siberian Synchrotron Radiation Center, Novosibirsk, 

Russia). The X-ray diffractometer on the station consisted of a monochromator, a collimation system, and a linear OD-3M 

detector [14]. The working wavelength (λ = 1.6467 Å) was set by a single reflection from the Ge(111) monochromator 

crystal. The diffractometer was equipped with a high-temperature XRK-900 (Anton Paar, Austria) reactor chamber. To 

control the gas medium we employed a quadrupole mass spectrometer (SRS UGA100, USA). The heating was conducted 

with a constant rate of 10°/min; the gas mixture supply rate was 100 mL/min. For the phase analysis we used ICDD PDF-2 

[15]. The quatitative phase analysis and the lattice parameter refinement were made by the Rietveld method using the MAUD 

program [16]. 



r

T

a

io

th

f

c

w

to

c

in

te

7

c

o

c

p

 

react

The 

a cap

oniz

he c

fract

conn

wher

otal

calcu

n th

emp

7.87

catal

of 6

char

peak

tor o

rea

pilla

zatio

cata

tion 

necte

re Р

l flow

ulate

he ac

pera

⋅10–

lyst 

650-

acte

ks at

Ca

of 3

actio

ary 

on d

alyti

com

ed w

Th

Р0, Р

w ra

Ca

ed a

ctiv

ature
–3 cm

wit

700

erize

Ch

t 2θ

ataly

300 m

on m

colu

detec

c te

mpo

with

he re

Р are

ate o

ataly

at 25

ity i

e le

m3(С

th th

0 °C 

ed b

hara

θ = 3

ytic

mm

mixt

umn

ctor

ests 

ositio

h a W

eacti

e th

of 1

ytic

50 °

is o

eads

С3Н

he c

and

by th

acte

30.5

 

c tes

m × ∅

ture

n (st

r. Be

a 0

on. 

Wart

ion r

he ar

57 m

c ac

°C fo

bser

s to

Н8)/(g

atio

d w

he hi

eriza

°, 3

sts o

∅ 15

e wa

tatio

efor

0.4-0

The

t the

rate

reas 

mL/

ctivi

for th

rved

o a

g⋅s).

on ra

was 

ighe

atio

5.4°

of th

5 mm

as c

onary

re th

0.8 m

e tem

ermo

e (ac

of 

/min

ity 

he c

d fro

a d

. Sim

atio 

due

est a

n of

°, 50

he s

m. T

chro

y ph

he c

mm 

mpe

osta

ctivi

С3H

n; α 

in 

catal

om 

decr

mila

Mn

e to

activ

f the

0.9°

amp

The 

oma

hase

atal

fra

eratu

at. 

ty) A

H8 p

is th

pro

lyst

8.30

ease

ar d

n/Zr 

o the

vity,

e in

°, 60

F

re
c

ples

init

atogr

e - S

lytic

actio

ure i

A w

eak

he p

opan

s un

0⋅10

e in

depen

= 0

e fo

, and

itia

0.6°

Fig. 

eact
alci

 in 

tial 

raph

SiO2

c tes

on w

in th

was c

s be

prop

ne o

nder

0–3 c

n t

nden

0.12/

orma

d it w

l sta

, 63

1. C
tion 
inati

the 

gas 

hical

2, 30

sts th

was 

he c

calc

A

efore

pane

RE

oxid

r stu

cm3(

the 

nces

/0.92

atio

was

ate. 

3.6°,

Cata
tem

ion t

С3Н

mix

lly 

0 m

he s

use

catal

culat

A =

e an

e con

ESU

dati

udy. 

(С3Н

ca

s w

2; th

n o

s use

The

, 74

alyti
mpe
temp

Н8 o

xtur

ana

× 0

samp

ed. T

lyst 

ted f

Х

= ХС3

nd a

ncen

ULT

on. 

Wi

Н8)/(

ataly

ere 

he m

of th

ed in

e XR

4.9°,

ic a
eratu
pera

oxid

re w

alyze

0.32

ples

The 

laye

from

ХС3H8

3H8×

after

ntrat

TS 

Fig

ith in

(g⋅s)

ytic 

obs

max

he s

n fu

RD 

, 83

activ
ure 
atur

datio

was: 

ed b

mm

s we

sam

er w

m th

8 = (

×VС3

r the

tion

AN

g. 1 

ncre

) to 

act

serve

ximu

solid

urthe

patt

.0°, 

vity 
of 

e. 

on re

2%

befo

m). T

ere p

mple

was 

e de

(P0 –

3H8/m

e rea

n of 2

ND D

de

easin

11.

tivit

ed p

um c

d so

er stu

tern 

85.

of 
250

eact

% С3Н

ore 

The 

pres

e w

con

egre

– P)

mкат

actio

2%.

DIS

mon

ng s

.2⋅10

ty: 

prev

cata

oluti

udie

of t

.7°, 

Mn
0 °C

tion 

Н8, 

and

unr

ssed

eigh

ntrol

ees o

)/P0

(cm

on; 

. 

SCU

nstra

synt

0–3 c

e.g

viou

alytic

ion 

es. 

the M

whi

n–Zr
C d

we

98%

d af

react

d in 

ht w

led 

of С

0, 

m3/g

VС3H

USS

ates

thes

cm3

g., 

sly 

c ac

(M

Mn–

ich 

r ca
depe

re p

% ai

fter 

ted 

pell

was 

and

3H8

g⋅s),

H8 (b

SIO

s th

is te

(С3Н

for 

in t

ctivi

Mn, Z

–Zr-

corr

ataly
ndin

perfo

ir, a

the

amo

lets 

0.5

d reg

con

bulk

N 

e a

emp

Н8)/

th

the C

ity w

Zr)O

-650

resp

ysts 
ng 

form

and i

 rea

ount

foll

g; i

gula

nver

k rat

activ

perat

/(g⋅s

e M

CO 

was 

O2 [

0 ca

pond

at 
on 

med o

its t

acto

t of 

lowe

it w

ated 

rsion

te o

vity 

ture

s). A

Mn–

oxi

dete

17].

ataly

d to 

the
the

on a

total

or w

f С3Н

ed b

was 

by 

n wi

of th

(pr

 fro

A fu

–Zr-

idati

ecte

 Th

yst in

111

e 
e 

a flo

l con

with 

Н8 w

by g

mix

a ch

ith r

he pr

ropa

om 4

urthe

-800

ion 

ed at

hus, 

n the

1, 20

ow-t

nsum

sep

was 

grind

xed 

hrom

rega

ropa

ane 

400 

er in

0 c

reac

t the

the

e in

00, 

type

mpt

para

dete

ding

with

mel-

ard t

ane 

oxi

°C t

ncre

catal

ction

e ca

e M

itial

220

e ap

tion 

ating

erm

g an

h qu

-alum

o th

flow

dati

to 6

ease 

lyst 

n fo

alcin

Mn–Z

l sta

0, 31

ppar

was

g th

mined

nd fr

uart

mel

hecat

w) =

ion 

650 °

in t

th

or th

natio

Zr-6

ate e

11, 2

atus

s 15

he m

d by

racti

tz o

l the

taly

= V*

rea

°C a

the 

he a

he M

on te

650

exhib

222

s in 

57 m

mixt

y the

ioni

f th

ermo

yst w

*α, V

actio

an i

calc

activ

MnO

emp

cata

bits 

, 40

a g

mL/m

ture

e fla

ng. 

he sa

ocou

weig

V is

on r

ncre

cina

vity

O
x
–Z

pera

alys

inte

00, 3

887

glass

min.

 on

ame

For

ame

uple

ght 

 the

rate)

ease

ation

y is

ZrO2

ature

st is

ense

331,

7

s 

. 

n  

e 

r 

e 

e 

e 

) 

e 

n 

s  

2 

e 

s 

e 

,  



8

4

o

th

Z

r

f

c

M

s

a

th

a

r

r

(

th

s

in

b

th

v

i

r

r

888 

420 

oxid

he p

ZrO1

radiu

form

conc

Mn. 

some

aver

he c

analy

react

react

C3H

hat 

solid

ncre

been

he f

vaca

s th

react

respo

refl

des a

phas

1.7 c

us t

matio

centr

Av

e un

age 

cata

ysis

tion

tion

H8 +

ther

d sol

ease

n dis

first 

ancie

hat m

tion

onsi

lecti

at 2°

se ba

cubi

than

on o

ratio

verag

nder

one

Op

alyst

s of 

n mi

n m

 5O

re a

lutio

es to

scus

con

es ar

mob

ns [2

ible 

 

 

ions

°θ =

ased

c m

n zir

of t

on in

ge C

resti

e and

pera

t un

the 

ixtur

mixtu

O2 →

are n

on a

o 5.0

ssed

ncep

re fo

bile 

22]. 

for 

s of 

= 32.

d on

modi

rcon

the 

n (M

CSR

mat

d th

ando

nder 

Mn

re o

ure 

→ 3C

no c

and 

065 

. Th

pt, M

form

oxy

Her

the 

 

f (M

.9°, 

n zirc

fica

nium

(Mn

Mn, 

R dim

tion 

he oc

o X

con

n–Zr

of th

con

CO2 

chan

Mn2

Å (F

here 

Mn c

med, 

ygen

re it

che

Mn, Z

55.

coni

ation

m (Z

n, Z

Zr)O

men

of t

ccur

XRD

nditi

r-65

he c

ntai

+ 4H

nges

2O3 

Fig.

is n

catio

latti

n of 

t is w

emic

Zr)O

1°, w

ia is

n of

Zr4+ 

Zr)O

O2 s

nsion

the C

rrenc

D stu

ions

50 c

com

ned

H2O

 in 

oxi

 3c)

no c

ons 

ice o

disp

wor

cal c

O2 s

whi

s 5.0

f the

= 0

O2 so

solid

ns o

CSR

ce o

udie

s of 

atal

mpos

d a 

O). F

the 

ide. 

). Th

cons

can

oxy

pers

rth n

com

spac

ch c

052(

e sp

0.72 

olid 

d so

of (M

R va

of m

es of

f the

yst. 

sitio

sm

Fig. 

pha

How

he a

sensu

n ent

ygen

sed 

notin

mpos

e gr

corre

(2) Å

pace 

Å (

sol

olutio

Mn,

alue 

micro

f th

e pro

Du

n 1

mall 

3a 

ase 

wev

activ

us o

ter i

n acq

Mn

ng t

sition

Fig

Rad

roup

espo

Å fo

gro

(VI)

lutio

ons 

, Zr)

can

odist

he p

opan

uring

%C

ex

dep

com

ver, 

ve co

on th

into 

quire

nO
x
 

hat 

n, th

g. 2.

diat

p Fm

ond 

or M

oup 

), M

on. 

rep

)O2 

nnot

torti

rop

ne o

g th

C3H8

xces

picts

mpos

with

omp

he n

the

es a

not 

a ch

he o

. XR
tion 

Fm3m

to 2

Mn–Z

Fm

Mn4+

Acc

orte

wer

t be 

ions

pane

oxid

e ex

8/6%

ss o

 the

sitio

h in

pone

natur

e ZrO

a hig

con

hang

occu

RD 
wav

m (P

222,

Zr-6

m3m

+ = 0

cord

ed in

re 1

exc

s. 

e ox

datio

xper

%O2/

of 

e XR

on. I

ncrea

ent o

re o

O2 s

gh m

ntain

ge in

urren

pa
vele

PDF

, 400

650, 

(PD

0.53

ding

n [12

11 nm

lude

xidat

on r

rime

/He 

oxy

RD 

In th

asin

of M

of th

struc

mobi

ned 

n th

nce o

attern
ength

F No

0 re

wh

DF N

3 Å 

g to

2], t

m, M

ed b

tion

react

ents 

wa

ygen

patt

he e

g te

MnO

he ca

cture

ility

in t

he la

of d

n o
h of

o. 7

eflec

hich 

No.

(VI

 the

the o

Mn2

beca

n re

tion

the

as us

n re

terns

entir

empe

O
x
–Z

ataly

e, fo

y, an

the 

attic

defec

of th
f 1.5

7-2

ction

is le

 49-

I) [

e de

obta

2O3

ause 

acti

n we

e sam

sed 

elati

s re

re te

eratu

ZrO2

ytic 

orm

nd co

com

ce pa

cts, 

he 
5418

157

ns o

ess t

-164

18])

epen

aine

> 1

of a

ion.

e pe

mple

in 

ive 

cord

emp

ure 

2 cat

acti

ming 

onse

mpo

aram

and

Mn
8 Å.

) (F

f M

than

42). 

), a 

nden

d so

00 n

a po

 To

erfor

e w

the 

to 

ded 

perat

the 

talys

ivity

a (M

eque

sitio

mete

d the

n–Zr
 

Fig.

Mn2O

n 5.1

Sin

dec

nce 

olid 

nm. 

ossib

 det

rmed

was h

wo

the

dur

ture

latt

sts i

y of

Mn,

ently

on o

er of

e cha

r-65

2). 

O3 (P

128

nce 

crea

of 

solu

In 

ble d

term

d th

heat

ork, 

e st

ring 

ran

tice 

in hy

f Mn

 Zr)

y, a 

of th

f the

arge

0 c

Mo

PDF

Å fo

the 

ase 

the

ution

the 

devi

mine

he o

ted t

i.e.

toic

hea

nge 

para

ydro

nO
x
–

)O2

high

he s

e so

e sta

catal

oreov

F No

for p

ma

in t

e lat

n co

cas

iatio

e the

opera

to 5

 the

chiom

ating

ther

ame

ocar

–ZrO

soli

h re

olid

olid 

ate o

lyst.

ver,

o. 41

pure 

anga

the 

ttice

orres

se o

on o

e ph

ando

50 °

e ra

metr

g of

re ar

eter 

rbon

O2 in

id so

eacti

d so

solu

of ca

. 

, the

1-14

oxy

anes

latt

e pa

spon

f th

of th

hase 

o X

°C w

atio 

ry 

f the

re r

of t

n and

n th

oluti

ivity

lutio

ution

ation

ere 

442)

ygen

e ca

tice 

aram

nds 

he (M

he lo

com

XRD

with

C3H

of 

e rea

refle

the (

d СО

he pu

ion 

y. Th

on i

n is 

ns in

are 

. Th

n-de

ation

par

mete

to t

Mn, 

ocal 

mpo

D an

h a r

H8/O

the

actio

ectio

(Mn

О ox

ubli

[19

he a

is ac

a se

n the

pea

he la

efici

n ha

ram

er o

the v

Zr)

com

ositi

d m

rate 

O2 =

e o

on m

ons 

n, Zr

xida

icati

-21]

alter

ctive

ensi

e so

aks 

attic

ient 

as a

eter

on th

valu

)O2

mpos

on a

mass

of 

= 1/6

xida

med

of t

r)O2

ation

ions

] in 

rnati

e in

itive

olid s

of m

ce pa

zirc

a sm

r ind

he m

ue of

soli

sitio

and 

 spe

5 °C

6 at 

ation

dium

the (

2 sol

n re

. Ac

whi

ive a

n the

e ch

solu

man

aram

coni

malle

dica

man

f 25

id so

on fr

act

ectro

C/m

wh

n r

m. It 

(Mn

lid s

acti

ccor

ich 

assu

e ox

harac

ution

ngan

mete

a of

er io

ates 

ngan

(3)

olut

from

ivity

ome

min. 

hich 

reac

is s

n, Zr

solu

ons 

rdin

anio

ump

xida

cteri

n. 

nese

er of

f the

onic

the

nese

at%

tion,

m the

y of

etric

The

the

tion

seen

r)O2

ution

has

g to

onic

tion

ation

istic

e 

f 

e 

c 

e 

e 

% 

, 

e 

f 

c 

e 

e 

n 

n 

2 

n 

s 

o 

c 

n 

n 

c 



2

p

o

c

n

la

c

d

(

2
 

230 

prop

of 15

carri

no c

attic

comp

disap

PDF

2θ =

F

th
s

°C, 

pane

50-2

ied o

chan

ce p

posi

ppea

F N

= 37.

Fig. 

he 
simu

 
A 

a de

e oxi

230 

In 

out:

nges 

para

ition

ar an

No. 2

.2°, 

3. X
1%C

ultan

cha

ecre

idat

°C i

ord

 the

tak

amet

n of

nd n

24-7

43.

XRD
C3H
neou

ange

ease

ion 

is li

der to

e he

ke p

ter 

f the

new

734)

.2° 

 

D pa
H8/6%
usly 

e in 

e in t

reac

kely

o es

atin

lace

incr

e cat

w low

). A

(hkl

atter
%O2

(b)

the

the 

ctio

y to 

stabl

ng in

e in 

reas

talys

w-in

At T 

l = 1

rns 

2/He
; ch

 gas

prop

n pr

be d

lish 

n ox

the

ses 

st ch

ntens

= 4

111,

of M
e re

hang

s ph

pane

roce

due 

the

xidiz

e XR

to 

hang

sity 

50 °

, 20

Mn–
eacti
ge in

hase

e an

eeds

to a

 nat

zing

RD 

5.06

ges 

pea

°C, 

00) (

–Zr-
ion 

n the

e sta

nd O

s on 

a rel

ture 

 (20

patt

62(1

(Fig

aks a

Mn

(PD

650
me

e latt

ate i

O2 si

the

lease

of c

0%O

tern

1) Å

g. 4a

appe

n3O4

DF N

0 rec
edium
tice 

is il

igna

e cat

e of

chan

O2/H

s, th

Å up

a, с)

ear 

4 ox

No. 7

cord
m; 
par

llust

al is 

talys

f ads

nges

He) a

here

pon 

). At

at 2

xide 

7-23

ded u
1.64

rame

trate

obs

st. A

sorb

s in 

and 

e are

hea

t 42

2θ =

com

30).

upo
467
eter 

ed in

serv

An i

bed g

the 

red

e (M

ating

20 °C

 34.

mpl

 Fro

on he
 Å 
of (

n Fi

ed a

insig

gas.

latt

ducin

Mn,

g. U

C th

.6°, 

etel

om 

eatin
wav

(Mn

ig. 3

alon

gnif

 

tice 

ng (

Zr)O

Und

he re

38.5

y tr

Fig

ng f
vele
n,Zr)

3b. A

ng w

fican

par

(5.3%

O2 a

der 

eflec

5° w

rans

g. 4c

from
ength
)O2

Acc

with 

nt pe

ame

%C

and 

hea

ction

whic

sform

c it 

m 30
h (a
with

cord

an i

eak 

eter 

3H8/

Mn

ating

ns o

ch c

ms 

is s

0 °C
a) a
h te

ding 

incre

on 

of t

/He)

n2O3

g co

of M

orre

into

seen

C to 
and 
mpe

to 

ease

the 

the s

) me

3 ref

ondi

Mn2O

espo

o M

n tha

550
ma

eratu

the 

e in 

СО

solid

edia

flect

ition

O3 ox

ond 

nO,

at a

0 °C
ass 
ure 

ma

the 

О2 sig

d so

a. In

tion

n in

xide

to 1

, wh

fter 

C wi
spe
(c).

ss s

CO

gnal

oluti

n the

ns (t

n th

e (2θ

103, 

hich

red

ith a
ctro

spec

O2 cu

l cu

ion, 

e ox

the f

he p

θ = 

211

h is 

duct

a rat
omet

ctrom

urve

urve 

add

xyge

figu

prop

35.

1 re

evi

tion 

te o
try 

metr

e, wh

in t

ditio

en-c

ure i

ane 

1°, 4

flec

den

the

f 5 d
data

ry d

hich

the t

onal 

onta

is no

me

40.8

ction

nced 

e co

deg/
a ob

data,

h ind

tem

exp

ainin

ot g

ediu

8°, h

ns of

by

nten

/min
btai

, sta

dica

mpera

perim

ng a

given

um, 

hkl =

f M

y ref

nt o

n in
ined

artin

ates t

atur

men

atmo

n), a

the

= 22

Mn3O

flect

of th

n 
d 

ng fr

that

re ra

nts w

osph

and 

e ph

22, 0

O4 ox

tion

he s

889

from

t the

ange

were

here

the

hase

004)

xide

ns at

olid

9

m 

e 

e 

e 

e 

e 

e 

) 

e 

t 

d  



8

 

s

f

w

e

M

a

s

M

r

o

o

s

890 

solut

from

whic

estim

Mn0

addit

solid

Mn3O

respe

oxyg

other

solid

F

5
th
m

tion

m 2.7

ch in

mati

.3Zr0

tion

d sol

O4).

ectiv

gen 

r ph

d sol

Fig. 

5.3%
he p

mod

n dec

7 wt

n tu

on o

0.7O

nally

lutio

. Th

ve p

site

hase

lutio

4. X
%C3H
phas
del w

crea

t% 

urn i

of c

O2. O

y est

on w

he c

phas

e occ

es ha

on, i

XRD
H8/H
se co
with 

ases 

(Mn

indi

conta

On th

tima

was 

corr

se. H

cupa

ad t

it w
 

D pa
He, 
omp
a fi

from

n2O

icate

aine

he o

ated

par

elat

Here

ancy

the 

was f

atter
1.64

posit
xed

m 9

3) (c

es th

ed p

othe

d the

ame

ion 

e the

y w

stoi

foun

rns 
467
tion

d cat

97 w

corr

he r

phase

er ha

e co

etric

coe

e fo

was c

chio

nd it

of M
 Å w

n wit
tioni

wt% 

resp

relea

es (

and,

onten

cally

effic

llow

calcu

ome

terat

Mn–
wav
th te
ic an

to 9

pond

ase 

(Fig

, it i

nt o

y rel

cien

wing

ulat

etric 

tive

–Zr-
velen
emp
nd a

92 w

ds to

of m

. 4с)

is as

f m

lated

nt w

g ass

ted f

com

ly fr

650
ngth

perat
anion

wt%

o 1.

man

) in 

ssum

mang

d to

was f

sum

from

mpo

from

0 rec
h (a
ture
nic 

, the

9 w

ngan

the

med 

gane

 the

foun

mptio

m th

ositi

m the

cord
a) an
; in 
com

e we

wt% 

nese 

e Rie

tha

se c

e ref

nd t

ons 

he el

ion. 

e pre

ded u
nd m
the 

mpos

eigh

Mn

fro

etve

at th

catio

fined

thro

wer

lectr

Sin

evio

upo
mass
Rie

sitio

ht fr

n) to

om t

eld r

he co

ons 

d va

ough

re us

rone

nce t

ous c

on he
s sp
etvel
on w

racti

o 8.2

the 

refin

omp

in t

alue 

h the

sed:

eutra

the 

calc

eatin
pectr
ld re

was u

ion 

2 wt

com

nem

posit

the s

of t

e th

: for

ality

corr

culat

ng f
rom
efin
used

of m

t% 

mpos

ment 

tion

solid

the 

heor

r the

y ba

rela

tion

from
metry

eme
d (c)

man

(Mn

sitio

we 

n of 

d so

wei

retic

e so

alanc

ation

n cyc

m 30
y da
ent o
). 

gan

nO)

on o

use

mix

oluti

ight 

cal c

lid s

ce w

n co

cle, 

0 °C
ata o
of th

ese 

 (co

of th

ed th

xed 

ion. 

con

calc

solu

with

oeffi

star

C to 
obta
he X

in t

orre

he so

he s

oxid

To 

nten

ulat

ution

h reg

icien

rting

550
ained
XRD

the c

spon

olid

solid

de c

this

nt of 

tion 

n the

gard

nt al

g fro

0 °C
d sim

D pa

com

nds 

d sol

d so

chan

s en

f the

den

e to

d to 

lso 

om t

C wi
mul

attern

mpos

to 

lutio

olutio

nges

nd, t

e ma

nsity

tal c

Mn

dep

the 

ith a
ltane
ns th

sitio

6.4 

on. 

on w

s dur

the a

anga

y an

catio

n3+ a

pend

Mn0

a rat
eous
he M

on of

wt%

To 

with

ring

amo

anes

nd t

on s

and 

ds on

0.3Zr

te o
sly (
Mn0

f sim

% M

sim

h a f

g red

ount

se ox

the 

site 

Zr4+

n th

r0.7O

f 5 d
(b); 
.3Zr

mple

Mn) 

mplif

fixe

duct

t of 

xide

mo

occu
+ ox

he c

O2 m

deg/
cha

0.7O

e ox

dur

fy th

d ra

tion,

man

e ph

olar 

upa

xidat

omp

mode

/min
ange

O2 ox

xide

ring 

he q

atio 

, the

ngan

hase 

wei

ncy

tion

posi

el. F

n in
e in
xide

es in

red

quan

of c

eref

nese

(M

ight

y wa

n sta

ition

For a

n 
n 
e 

ncrea

duct

ntita

catio

fore,

e in

n2O

t of 

as 1,

ates,

n of 

a th

ases

tion,

ative

ons:

, we

n the

O3 or

the

, the

 the

f the

hree-

s 

, 

e 

: 

e 

e 

r 

e 

e 

e 

e 

-



 

891

phase system such a calculation is impossible in MAUD, therefore the refinement was made for two extreme cases: the initial 

state and at 550 °C. Final results (Fig. 5) show that the initial catalyst contains 2.2 wt.% for Mn2O3 and 97.8 wt.% for 

Mn0.28Zr0.72O1.86; after reduction at 550 °C - 8.1 wt% for MnO and 91.9 wt% for Mn0.24Zr0.76O1.88. The data obtained also 

testify in favor of the removal of manganese cations from the composition of the solid solution, as well as the previous 

estimates based on the calculation with the fixed composition of Mn0.3Zr0.7O2 oxide. 

The comparison of lattice parameters of the solid solution in different atmospheres is illustrated Fig. 6. It is seen that 

temperature dependences of parameters coincide under the reaction conditions and in oxygen. This indicates that the catalyst 

structure does not change under propane oxidation conditions. It is considered that for manganese-containing oxides the 

oxidation reaction proceeds by the Mars–Van Krevelen mechanism, the reagent is oxidized by lattice oxygen from the 

structure of mixed oxide with the formation of reaction products, the oxygen vacancy is “healed” with oxygen from the gas 

phase [23]. In our case, XRD does not detect changes in the oxide structure, which seems to be due to exclusively surface 

changes in the catalyst structure. Similar effects were also observed for manganese-containing catalysts in the CO oxidation 

reaction: when the substrate (СО) interacts with oxygen from the gas phase on the catalyst surface under the conditions of  

an oxygen excess in the gas phase, no changes in the catalyst structure are detected [13] unlike copper-containing catalysts in 

which partial reduction of copper cations is observed under the reaction conditions [24]. 

In the propane medium (without oxygen), manganese cations are reduced. Under these conditions the lattice 

parameter substantially exceeds the values for the oxygen-containing medium. At first, его insignificant changes are observed 

in the temperature range of 25-180 °C, then there is an abrupt increase from 5.052 Å to 5.081 Å at 180-460 °C, after which 

the parameter slowly increases to 5.085 Å at 460-550 °C. An increase in the lattice parameter may be associated with both 

reduction of Mn cations in the solid solution bulk (since the Mn2+ (VI) cationic radius is 0.67 Å larger than that of Mn3+ (VI) 

0.58 Å, Mn4+ (VI) 0.53 Å) [18] and decomposition of the solid solution with the formation of additional phases of manganese 

oxides. When manganese is released from the solid solution, the lattice parameter must increase because of the difference 

between Mn and Zr ionic radii. The fact that there is an increase in the weight content of manganese in the composition of 

simple oxides after treatment (Fig. 4c) and the estimation of the solid solution composition (Fig. 5) testifies in favor of the  

 

 

Fig. 5. Full-profile refinement of the XRD patterns of 
Mn–Zr-650 obtained for the initial state of the catalyst 
(b) and at 550 °C in the 5.3% C3H8/He medium (a). 
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