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First-Principles Study of Pt- and Ce-doped CaTiO3 Catalyst
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Abstract: Pt- and Ce-doped CaTiOj; catalytic materials were prepared by the alkoxide method, and then
they were characterized in detail by using SEM, XRD and TEM. The results showed that the particles of
the catalytic materials were uniform with a diameter of about 30 nm and co-existed in the state of
perovskite (CaTiO;) and pyrochlore (Ca,Ti,Og). Ce and Pt were dispersed evenly, forming a doped solid
solution structure. A perovskite doping model was constructed in which titanium atom had been replaced
by Pt(111), platinum and cerium atom. Furthermore, the formation energy, state density and adsorption
energy of NH; on CaTi,Pt,Ce.O; were calculated by means of the first principles based on the density
functional theory. The results show that the adsorption energy of NH; on CaTig 9Pt 05Ce0.0sO5 is the closest
to that on Pt(111). Doped perovskite can lower the adsorption energy of the system, which will facilitate
the adsorption and desorption of ammonia oxidation catalysis.
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Fig.1 SEM images of four CaTi,Pt,Ce.O3 samples



34 Gy

& )8

40 %5

2 A 4 ANEER G X SR AT ST (XRD) B . [
3 A 4 RPN S T L B (TEM) % .
___AL. A
| A (b). CaTiCeOs
L N (c). CaTiPtO;

(d). CaTiPtCeO;
A AL

(a). CaTiOs

A

I (e). Ca;Ti206-PDF

®. Ca”liiOs-PDF

'y

| - Al I L d
T

20 30 40 50 60 70 80
20/(°)

B2 B X BSRATHE ERE Fig.2 XRD patterns of the samples

HE 2 AT, 4 ANFE S EIATHIEN B 0) 5
CaTiO; HIbRHERE — 5. 23.22°. 33.16°. 47.54°,
59.09°, 69.31°F1 79.11°%F M. 45 KA (CaTiOs) &
N(101)s (121)s (040). (240). (242)F1(161). Hil%
KB N 31.04°. 36.08°. 51.80°. 61.74°. 64.84°F!
76.50°%F B 1548 47 (Car TinOg) i T N(222) .+ (400)
(440). (622)- (444)F1(800). &1 4l 7C X ) CaTiCeOs
FI CaTiPtCeOs 7E 28.66°4bA I WU A B (K A
Frt), 5 Jade 6.0 H CeO, PDF (75-0076) fIfiTht
E—3; HT TR ERIK, XRD BRI
fTitg. XRD RAFLEREIR, FEfZH CaTio; f
Ca,Ti)O4 &5 2H Y,  Hdfki ST B Scherrer 24 2

D,=0.89 A/ ,,cos0 (1)

THEAS YA kLR ST CaTio; A 30.035
nm, CaTiCeO; >~ 28.980 nm, CaTiPtO; 4 30.476 nm,
CaTiPtCeO; N 28.272 nm.

20nm

(a). CaTiO3; (b). CaTiCeOs; (c). CaTiPtOs; (d). CaTiPtCeO3
B 3 ¥5 A TEM B8 Fig.3 TEM images of the samples

1EE 3 R RIAN, A T REEA AR R R 25
P TR R A, B R S B RIRAI R R . Ais
4 CaTiO; H1 34> Ce(IV)EAR T H#B43 Ti(IV), 5§20
TR HORD S B, EREE R E R T A IE
JR SR TEM WS 2 & [ (8] JE 5 XRD A AH—
B, N FIREEEAT o CayTiOg XN AR & 18I 18] 2
()R ST FREL(hkD) 53 )52 0.292 nm (121)+ 0.254 nm

(400). 0.179 nm (440)H1 0.151 nm (622); CaTiO; f
i T ) 2 R TR P 802 0.272 nm (121). Az
[F1) P A 4 P B T L 45, AR B % T
BT BRI E RS . B A B R
TR A, iy BRI A, AT AN
SIHLEEEN T CaTiCeOs.



H2 M KRR BRSS9 5 1 SR BT 7T 35

CaTiO; " (I 4b)) L 5 NMET: 1 /M5 T

2 BAEWMESHEAE 1 MRJEFRAR 3 NEJEF . BEREY K 20 %55,
HEHL(001)[H » 1R RA PNl & CaO A il
2.1 EERME TiO, Z3ii, ASCLL TIO, Zui NBIIHHAT TR, B2 )Z

H TS S M A B NO e #8E2 WE N 1.5 nm. CaTiO;(001)2 & 100 N JE1 ) i
RFHE SRR, A GRS WIS, MR RE 4(c)), 145 AB:O Ji 72 AIFIBCEE 1:1:3
K F 5T % FE 72 MR P12 (Density functional theory)%k PIRR. HTH. BiFIERIE MR d FUERHE,
AT T Ty CASTEP(Cambridge Serial ZEHMHEBRAER BN —DNEKRE T, B
Total Energy Package)#ft:, #F 5T JUAAA R X R CaTigosPty0s0; FIE 1K R
SERFITEBE . fE CaTigosPto 05O R RIEERAS [, 3E—25 F 4l

BREN: KT BEIEL(GGA T R TEAC KR T, /53] CaTigoPtoosCenosOs E
B, PHEIENEE N 340 eV, BEE. 27, R SRR, WK S5 Frm. BRGS0 1S
BLF% U S5 b E 23 Bl A2 1.0x107 eViatom. 0.3 UM, ARG ARG, SRR
eV/nm, 0.05 GPa #1 0.0001 nm. &JE@HFEMER  MEFZEBEEE, MJUTMAE Efm 7 N2
OOLT RIS 4 MARTF@IE 4a). XHEE b5 LRSS, 2w R R . AR
Pt D VR NG RL R 2R R 38 5 NI &R i 7R A 85 R il g5 4, it
LEMAFIZ 16 MR, NHERIEE STZE T S MR AV . BT E A I T 4G
ZAMEAEAANNT, REASEN Inm. BT W&, W0UE 3 B RN 7450 RS iR g 4
FORIEEAT T LA WRfREE Mg, 2IE MRk, S 5HENSETHINETHSS AN Ca
RE B IAGME . CaTiO; MLl E ABO;y, Hi A 2s2p%3s™3p%4s?, Ti 3s%3p®3d™4s’, O 2s2p*, Ce
BB T 5 12 NERAL, TEREESLTHERR, BALES  55°5p°5d'6s> Ml Pt 5575p°5d°6s’

T5 6 ANEELAL, H4E 77 2 HEA R )\ T A At

rfdﬁ;‘:—.:ﬁ:‘gﬁ_ g

(c). CaTip9Pto.0sCe0.05s03

20000
ag=H00

(). Pt (0).CaTiO EML (). CaTiO;s il

B 4 SR Fig.4 Model of the unit cells B 5 #BHEl  Fig.5 Model of the supercells
22 WEIE CaTigoPto05Ceo.0503 FITE R RE R, R IITE HUX A
N T RBIRE SRR ENE, HAR(1) REMEEREK, SR+ TEM 244 RAH—2,
WSS T B 2B HITE R AL (Erom) " G . B R A A 2B, T LR e M 2
Eform:(Ecomp_ ECaTiO3+,uM_,uCa)/ N (2)

Eform‘ Ecomp *D ECaTiO3 ﬁ%”ﬁ%ﬁiﬁ"]?};ﬁ %ﬂj—!éi(’ﬁf i% 1 %ﬁ(Vﬁﬂm%ﬁEﬁg
MS /% E(J A ﬁkﬁg . ?} ;JL< |5 ﬁi /% E(J =y ﬁE‘, Y CaTiO; Tab.1 Ej,y, of the perovskite materials

RARLERE: N ZERKET NG o 1 pca 7351 System Erom/eV
NSRRI T LS, W LOEE SR e CaTiO; 0
ATV F) B i A 2 e ok LA P 3 < s ) J 5 CaTioo5Pto 0503 118

TR, 02 1. W3R 1 IEREW A CaTiooPto05Ce0.050; 1.67




36

"R

40 %

TN A B AR, AT RS AR
—ReEVEE Nl B 6 N EiR R4
PHERH R RIS ERT LA B, BT B
MELR, TOKBEL BT PINA PN, 6B A7 AE “ iR
RERR . MRARERR S 14K R s B L 1t s 55, iR A
BRETE, RS MEEER, BRI RPN
PR T, PR EaEHAZY, B e 4R 5Hm
RETHELE A S P B AR AR A8 40 A 45 SR — B

CaTig.0sPto 0503 78 R FH CaTigoPty 05Ce.0s03 14
N R ) p HUE SR 1) d PUBE R RIBES R
BIXTEC R I, SRR, XA R R 1 J5 e
FE BRI RIIEm . B 7 RafLLEH, EFE
P T R EEFLE-10~3 eV, Mramilsr: AT N
JR, AR BT B 2 B AT AR B R e R
BH. FAEs: B dH0E S EFHA . MR R
N E I p FUE SR T d B R AEES,
RN T AR T 2 B (] 8). AN
Ak, FE CaTigosPtoosOs A F Y, HATHIYH

6
[ (a). CaTio.95Pt0.0sO3-NH3 —— N(p)
sk ——-Pt(d)
[ i
L I
g "
o [ 8
o I
5 3 1
2 §
)
2b W . A
[ I
1 E S iy
IV i T
Y A
oL~ ~ N )

2 Energy/eV
B 7 RS EEE

(a). CaTipesPto.osOs.

B8 NFlPt R

DOS/(e/eV)

THHE S THETFAT CaTigoPtsCeoos03 & FR
o BEELOBIF BRSBTS o,
FH CaTigosPloosOs R T LG Re I, X
BERRE, WRMSRER.

180

——CaTiO,
——=CaT iO.DSPt!) 0503
CaTlO QPt(l 05ce0 0503

[

h

=
T

-

N

=
T

—-—
= —
—

DOS/(e/eV)
S
T

a
=
T T

w
S =3
T T T

|
1
!
\ !

- 110 S 0 5
Energy/eV

1
-25 -20 -15

Bl 6 BAHEE Fig.6 Total density of the samples

b : B s
. (b). CaTio.9Pt0.0sCe0.0s03-NH3 N(p)
st ——-Py(d)
at i
I
i
1l
it i
M1
i A
ok N i1
\ I I
f) I\
T AR
-
\ ~/l ‘\ [
oLLe>: YoiANL
-10 -5
Energy/eV

Fig.7 Local state density of the samples

(b). CaTio.sPto.0sCen.0503

Fig.8 Bonding structure of N and Pt



5% 2 3 KRR BRSS9 5 1 SR BT 7T 37
RO ELA'R FHARCR S

3 BREH R RBMN NH; (IR E
3.1 Pt(111)R [ NH; K iH5

TTF 5 NH; 1495 FRR B PR R (A0 S S O )
3. EET MR AR E NHy 5 Pt(111)[H

9090009

:

B9 Pe(111)E ) NH; R PHELR
Fig.9 Model of NH; adsorption on the Pt(111)

Y s NTUERT, 2 B BRAD7E 125 B T2 Ak
FROERPRIE PR . i FRA R EE R
N E.= —0.72 eV, T NH; GEFaE W 7E Pt(111)
M, A EER . AER TR R TTUUE H,
N G 7RIS N EFEE R TR LT, JHEZE
S EE RN NE AR O NAE, KERT), b
R R A RVHMALRES, GRIME TS
MBS, I B f 2 R B AR G B ) S B s, W

(a). CaTinesPtoosOs TR BT (Before)

Eus™ E?:; = Egap~ EX (3)

S| tot

RO, B L Eg A1 E 40 BIAATRBIRS 4 R

IRE R VA W P A7 2 T P e 2 DA R W B 4 e
Ao, EALIEAL T P11 B NH; R, 4[]
9 s B 10 i B g AR o 7 BRI EAEH

000666660

B
o

- 3.615¢"!
- 2.061 ¢!
- 5.076 &2
~-1.046 ¢!

= -2.600 ¢!

B 10 P(111)THI ] NH; W Fif s 222> 3 B2 B

Fig.10 Electrons density difference of NH; adsorption on the Pt(111)

B RE 28 X AR KR W WR B E AR 5, {ELREAR L 4 il

BYRE IR B P11 HIWR BT BEN-0.72 eV, A

AT NH; fIE N

3.2 BHRETERT AR NH; R THE
AU 11 PR R, RIEARG)THE

TBUEW R T BBk

I B e, SRR 2 Frdil.

RIS 2 i 2

(b). CaTiossPtoosOs W 5 (Alter)

(d). CaTio oPto 0sCeo 0503 R 5 (After)

B 11 CaTig.osPty 0503 F1 CaTigoPto0sCey 0503 NH; Wi i JE 1R
Fig.11 Model of NH; before and after ) adsorption for CaTig 95Ptg 0503 and CaTig oPtg ¢sCeg.0503



38

pal:

540 %

K 2 %t NH; H0 F RETHSAE
Tab.2 The calculated value of the adsorption energy for NH;

Sample Ad/nm Eg/eV
Pt 0.2110 0.72
CaTig 95Pt0 0503 0.2112 2.55
CaTiggPtg05Ce0,050; 0.2127 0.95

[3]

HIZ 2 TR, #1455 CaTigoPtoosCeoosO3 HIMKH
REHZIT, CaTigosPtoosOs IR P RE SR K . /b A5
A B TR R M e, CaTig oPto 0sCe 0503 AL
AR R &R, BRI R AR

4 L

1) A EEEh#l % 7 CaTiOs. CaTiCeO;
CaTig.osPto0sO3 1 CaTigosPty0sCeOs 4 FIEHERH #4
%l SEM. XRD il TEM RAER B 1ZAF K H 30 nm
ISR, EEAEE T ERT (CaTiOs) M ZR A%
i (CarTiyOg) I HIAH - i FNEI TR AL AR Y
S)o3Aa, FEr= AR A A R YIA .

2) RABEZ KB (DFT) 456 F T E S
J7i%:H) CASTEP ¥, ## 1 Pt(111)s CaTiOs; Al
FARH5 2 S R BB AR AL, 43 Sl P BRIl - B
AR R T oHE T B AR R R I TE iR
R X REW, @ifEE &1 CaTio;
AR SRR ECR, 53R AESS R AL P A AH
s R —5.

3) AW AR T NH; 5 Pt(111) 455
B ERA A 2 (0 AH ELAE PRIV B A, 5o b g SRR 1,
Pt(111) 5 CaTigoPt0sCeo0s03 FJ W B RE 2 3T,
CaTig.05Pto.0sO3 I B REFR K, /DR AT A BEK T
I R B RE, A T (AL ) P R B AR5 B

SF R

(1] TiEd. MR H\aemIMigmiEn. steE,
2018, 39(1): 9-15.
NING Y T. Platinum loss from platinum alloy catalyst
gauzes in nitric acid plants [J]. Precious metals, 2018,
39(1): 9-15.

(21 #hAE, MUK, PO A < o A IR A 19X A SR B

[4]

[5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]

EL#[)]. 5r4)@, 2017, 38(1): 31-35.

HAN F, LIU X. Comparison of Pt catchment between two
Pd alloy in nitric acid catalyst gauze[J]. Precious metals,
2017, 38(1): 31-35.

SADYKOV V A, ISUPOVA L A, ZOLOTARSKII T A, et
al. Oxide catalysts for ammonia oxidation in nitric acid
production: Applied

catalysis A: General, 2000, 204(1): 59-87.
TANIGUCHI M, TANAKA H, UENISHI M, et al. The

Properties and perspectives[J].

self-regenerative Pd-, Rh-, and Pt-perovskite catalysts[J].
Topics in catalysis, 2007, 42(1/4): 367-371.

GALY, LI J, LI S S, et al. Design of narrow-gap TiO,: A
passivated ~ codoping  approach  for  enhanced
photoelectrochemical activity[J]. Physical review letters,
2009, 102(3): 036402.

CHOI M, OBA F, TANAKA 1. First-principles study of
native defects and lanthanum impurities in NaTaOs[J].
Physical review B, 2008, 78: 014115.

VANDERBILT D. Soft self-consistent pseudopotentials in
a generalized eigenvalue formalism[J]. Physical review B,
1990, 41(11): 7892-7895.

BLOCHL P E. Generalized separable potentials for
electronic-structure calculations[J]. Physical review B,
1990, 41(8): 5414-5416.

LIU G LIU S B, XU B, et al. Generalized gradient
approximation made simple[J]. Journal of applied physics,
2015, 112(12): 666.

LV Z Q, DONG F, ZHOU Z A, et al. Structural properties,
phase stability and theoretical hardness of Cry;— M,Cg
(M=Mo, W; x=0-3)[J]. Journal of alloys and compounds,
2014, 607: 207-214.

ZHANG C S, YAN M F, YOU Y, et al. Stability and
properties of alloyed e-(Fe;_M,);N nitrides (M=Cr, Ni,
Mo, V, Co, Nb, Mn, Ti and Cu): A first-principles
calculations[J]. Journal of alloys and compounds, 2014,
615: 854-862.

BLONSKI P, KIEJNA A, HAFNER J. Theoretical study
of oxygen adsorption at the Fe(110) and (100) surfaces[J].

Surface science, 2005, 590(1): 88-100.



