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A B S T R A C T   

The Pt–CeO2-based composites have brought about a vivid research interest due to their use in advanced 
combustion engines, proton-exchange membrane fuel cells, etc. Complementing features of Pt and ceria particles 
cause numerous applications of such composites in environmental catalysis science and technology. The present 
review summarizes recent advances in Pt–CeO2 chemistry and discusses the following key aspects: (1) catalyst 
preparation, including Pt and Ce-MOF-derived precursors, and treatment methods, (2) Pt-related factors: size, 
including single-atom formulations, and state, (3) CeO2-related factors: morphology, surface defects, and derived 
features, (4) modification of catalyst composition, including the formation of bimetallic particles, (5) nature and 
structure of active sites, (6) features of metal–support interaction. The range of covered environmental catalytic 
applications includes oxidation processes (CO oxidation, VOCs abatement, soot oxidation, combustion of vehicle 
exhausts, etc.), reduction of nitroaromatics, CO2 utilization (dry reforming of alkanes, CO2 reduction, etc.), and 
photocatalytic reactions.   

1. Introduction 

Nowadays, CeO2-based materials are widely used in catalysis science 
[1]. This is mainly due to the unique features of ceria, i.e., redox 
properties caused by Ce3+/Ce4+ transitions, oxygen storage capacity, 
defect structure (including oxygen vacancies), own catalytic activity in a 
number of environmentally important reactions as well as its propensity 
to interact with various materials, especially noble metals [2]. Among 
the metals, Pt attracts attention due to its exceptional ability to convert 
various types of chemicals into value-added products that is caused by 
its high ability to activate C–H and C–O bonds. The Pt-based catalysts 
also feature high chemical and hydrothermal stability, while showing 
low tolerance to poisoning by some elements (e.g., chlorine). The 
combination of strong points of ceria and Pt causes wide opportunities to 
prepare various Pt–CeO2-based catalytically active composites. In such 
systems, Pt usually plays the role of the active component, while in some 
applications (e.g., Ni-based catalysts for dry reforming of methane 
(DRM)) it is used as a (co)promoter. Ceria is usually used as a support 
with the fluorite structure, while in some composites it performs as a 
modifier for other supports (e.g., alumina, silica) or promoter for Pt 
component supported on such supports. Thus, the Pt–CeOx interfaces 
organized in catalysts constitute a large part of ceria applications that 
include but are not limited to electrooxidation of methanol [3–6], 

ethanol [7], oxygen reduction reaction [8,9], valorization of methane 
(including DRM reaction) [10–15] and CO2 [16–18], H2 production 
through water-gas-shift (WGS) reaction [19], reforming [20–23] of al
cohols, conversion of H2 storing compounds [24]. Many publications 
deal with biomass conversion [25–27], alkane transformation [28], se
lective hydrogenation [29], hydrodeoxygenation [30], conversion of 
heterocyclic compounds [31], hydrosilylation [32], photocatalysis [33, 
34], etc. Recently, a reverse system comprising the Pt-supported ceria 
composite also attracted great research attention [35–39]. 

The environmental catalysis comprises one of the largest segments of 
the application of Pt-CeO2-based catalysts. The main market drivers are 
the automotive industry [40], manufacturing and application of alter
native energy sources (alcohols, etc.) [41] as well as valorization of 
natural and artificial carbon-based sources (CH4, CO2, etc.) [42]. Indeed, 
pollution of both indoor and outdoor air with carbon monoxide and 
volatile organic compounds (VOCs) is considered a global problem, and 
special governmental regulations exist in many countries on their 
allowable concentrations. The effective utilization of such compounds is 
among the global environmental challenges. Many efforts have been 
made to address the challenge, with catalysis-based solutions demon
strating successes and high potential. Since CO oxidation is also a model 
reaction, many catalyst formulations were proposed, including 
metal-doped ceria [43]. Practical aspects of Pt− CO interaction are also 
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connected with poisoning [44] of the Pt sites in PEMFCs that reduces 
their exploitation terms and requires the introduction of additional 
components, e.g., ceria, to overcome the problem, naval submarine 
pollution control [45], etc. 

The VOCs abatement technologies [46–49] are currently in demand 
in transportation, petroleum refining, fine organic synthesis, 
manufacturing of pharmaceuticals and pesticides, textile dyeing, etc. 
The composites utilizing Pt–CeO2 interfaces are used in the abatement of 
various classes of VOCs, including but not limited to compounds con
taining O, S, Cl as well as hydrocarbons. The transportation vehicle 
exhausts are also the products of oxidation and incomplete combustion 
of hydrocarbon fuels significantly contributing to pollution of the at
mosphere [50,51] with NOx [52], soot [53,54], hydrocarbons, etc. 

Another important direction of the Pt–CeO2 application is the utili
zation of nitroaromatic compounds (NCs) that are widely used in in
dustry to prepare various dyes, agricultural chemicals (herbicides, 
pesticides, etc.), explosives, etc [55,56]. The NCs pollute the wastewa
ters being hazardous for the environment and human health. A prom
ising way to reduce the harmful impact is to convert the NCs into less 
toxic compounds (e.g., NO2 group into NH2). Particular attention is paid 
to the photocatalytic conversion of greenhouse gases, oxidation of 
organic pollutants, and reduction of the harmful impact of dyes on the 
environment [57,58]. 

As a result of the abatement of various VOCs through the above
mentioned processes, large amounts of CO2 are formed that require 
effective technologies for their utilization [59]. The main applications of 
Pt–CeO2 interfaces in CO2 valorization include DRM and reverse WGS 
reactions, while minor applications include ethane oxidative dehydro
genation [16], CO2 hydrogenation [60], and CO2 reduction [61]. 

High research interest is also reflected in the growing number of 
publications concerning Pt/CeO2 composites and Pt–CeO2 interfaces in 
catalytic reactions (Fig. 1). The environmental applications of Pt/CeO2 
composites constitute a large part of publications. The growing interest 
in Pt–CeO2 for photocatalytic applications is observed due to the rapid 
development of photocatalysis during the last 20 years, including 
visible-light-response CeO2-based photocatalysts [62]. The features of 
interfacial interactions (metal-support interaction, MSI) at the Pt–CeO2 
interfaces, including strong metal-support interaction (SMSI), are also 
under focused attention. Currently, single-atom catalysts are the new 
trend, and the intensive growth of the number of publications con
cerning single-atom Pt/CeO2-based catalysts is observed starting from 
2013. 

Despite the high interest, currently, there is a lack of general review 
covering the major aspects of Pt–CeO2 chemistry and their relationships 
with the catalytic performance. A recent review [1] deals with the 
fundamentals of catalytic applications of ceria-based materials. 

Although Pt/CeO2-based materials are generally mentioned and 
compared with other metal/ceria composites in diesel engines and 
electrocatalytic applications, the peculiarities of Pt–ceria interactions 
are not considered in details. A recent review [2] carefully discusses the 
metal (M = Pt, Pd, Rh, Ru, Re, Ni, Au, Cu)–CeO2 interfaces in several 
catalytic reactions (CO oxidation, WGS, CO2 hydrogenation, CH4 
reforming, reforming of alcohols), while a large number of environ
mental catalytic reactions are not covered. Thus, the present review is 
focused on the recent advances and trends in designing, preparation, 
and environmental catalytic applications of Pt/CeO2-based composites, 
including CO oxidation, VOCs abatement, applications in vehicles 
(three-way catalysts, soot combustion), conversion of nitroaromatic 
compounds, CO2 as well as the opportunities in photocatalysis. We 
mostly consider the relevant publications within the period from 2016 to 
2021. The following crucial aspects of Pt/CeO2-based composites are 
discussed: (1) catalyst preparation, including Pt and Ce-MOF-derived 
precursors, and treatment methods, (2) Pt-related factors: size, 
including single-atom formulations, and state, (3) CeO2-related factors: 
morphology, surface defects, and derived features, (4) modification of 
catalyst composition, including the formation of bimetallic particles, (5) 
nature and structure of active sites, (6) features of metal–support 
interaction. Theoretical insights are also provided where appropriate to 
deepen the understanding of the underlying processes. The outlook on 
the main directions of future research in the field of Pt–CeO2-based 
environmental catalysts is also presented. 

2. Catalyst preparation 

The preparation method is known to influence on the Pt/CeO2 
catalyst performance by determining such features as size, shape, 
morphology of the Pt particles as well as their distribution within the 
catalyst grain. The morphology, electronic, redox, acid-base, and 
textural surface properties of the ceria support are also significantly 
affected and can be predesigned. Moreover, the interplay of both aspects 
tunes the strength and type of the metal–support interaction. The recent 
research activity within the considered period was mostly connected 
with the preparation of Pt–CeO2-based composites using various tech
niques, including surface engineering approaches, the conditions of 
support and catalyst pretreatment (including reducing, oxidizing, 
plasma-assisted and thermal treatments) to affect the Pt and Ce states 
and sizes of species, organize the local surface atomic configurations and 
desired topological properties of interfacial sites. Recent publications 
also consider various precursors of Pt and ceria, with the latter being 
connected with the application of pristine and functionalized metal- 
organic framework (MOF)-derived ceria. 

Tables 1–4 represent the selections of Pt–CeO2 catalysts for CO 
oxidation (Table 1), VOCs abatement (Table 2), hydrogenation of 
nitroaromatic compounds (Table 3), and dry reforming of methane 
(Table 4). According to the data presented, many methods were pro
posed to synthesize the Pt–CeO2-based catalysts with mono- and 
multimetallic formulations as well as those deposited on other supports. 
Large part of procedures is based on conventional approaches that can 
be used in industrial catalyst preparation protocols (e.g., (co)impreg
nation, (co)deposition, (co)precipitation, incipient wetness impregna
tion) [63–65]. Other methods are mostly used in fundamental studies (e. 
g., alcohol reduction [66], sol–gel synthesis [67], slurry phase impreg
nation [68], solvothermal method [69], surfactant template protocols 
[70], microemulsion approach [71], etc.). The catalyst synthesis pro
cedures are often accompanied by the application of additional treat
ment techniques such as plasma- [72], microwave- [73], photo-assisted 
[74] approaches, microemulsion-mediated synthesis [75], pulsed laser 
ablation [76], etc.). The application of such techniques allows addi
tionally tuning of the Pt dispersion and distribution on the ceria surface. 

Analysis of the catalyst performance (Tables 1–4) shows that the 
preparation method determines the catalyst activity and selectivity as 
well as physical-mechanical features in several environmentally 

Fig. 1. Number of publications for Pt/CeO2 in Scopus database (access date: 26 
April 2021). Keywords for search: Pt/CeO2: TITLE-ABS-KEY(Pt/CeO2). For 
single-atom catalyst, photocatalysis, metal-support interaction, and environ
mental catalysts the following keywords were additionally added: “single- 
atom”, “photocatalyst or photocatalytic”, “MSI or metal-support interaction”, 
and “environmental”. 
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Table 1 
Pt/CeO2 catalyst performance in CO oxidation.  

Catalyst designation Reaction conditions Preparation 
method 

Tcalc, ºC/ 
tcalc, h 

ωPt, 
wt.% 

Pt size, 
nm 

DPt, 
% 

SBET, 
m2/g 

T50, 
oC 

T100, 
oC 

TOF, s− 1 Ref. 

Pt/CeO2 

12.5 mg/4 g quartz 
sand 

ME 450/4 – 1− 2 – 83 139 144 – [75] 1% CO, 20 % O2, He 
balance 
flow rate = 50 

Pt@CeO2 core–shell 

0.05 g, 

MSM 400/2 – 15 – 16.6 ~185 ~250 – [93] 20 %vol. CO, 20 %vol. 
O2, N2 balance 
flow rate = 100 

Pt/CeO2 (IM) 0.36 g IPM 400/6 1 2− 6 45.8 35 – 60 – 

[63] 
Pt/CeO2 (DP) 

0.02 % CO, 21 % O2, N2 

balance DP 400/6 1 4− 6 40.3 84 – 37 – 

Pt/CeO2 (IR) 
flow rate = 350 

IPM-RED 
dried at 
80 ◦C/12 
h 

1 2 46.7 33 – 70 – WHSV = 60,000 

Pt/CeO2-HT 125 mg HT 175/12 1 – 53.5 114.9 ~45 60 – 
[83] 

Pt/CeO2-IM 
1% CO, 1% O2, Ar 
balance IMP – 1 – 36.5 105.5 ~85 105 – 

CeO2-AA-Pt-cal (Pt/CeO2 +

reducing reagent L-ascorbic 
acid) 

100 mg 
DP 300/1 1 atomic – – ~55 60 2.9•10− 2 

[82] 
1% CO, 16 % O2, N2 

balance 
CeO2-IMP-Pt (Pt/CeO2) flow rate = 50 IWI 300/1 1.2 1− 2 – – ~58 ~90 1.2•10− 2 

Pt/Ce-W (Pt/CeO2) 0.25 cm3 PLA (water) 450/– 4.2 15.6 – 59 142 ~170 – 

[76] 

Pt/Ce-Alc (Pt/CeO2) 
0.2 vol.% CO, 1.0 vol. 
% O2, 

PLA (alcohol) 450/– 2.7 9.8 – 61 74 ~162 – 

Pt-Alc/Ce-W (Pt/CeO2) 

0.5 vol.% Ne, He 
balance PLA (alcohol 

and water) 450/– 1.7 20.0 – 71 49 ~130 – flow rate = 1000 
WHSV = 240,000 

Pt/Ce-700 (Pt/CeO2) 

0.36 g 

PA 700/- 4.58 – – 71 191 ~230 5.4•10− 3 [94] 0.2 vol.% CO, 1.0 vol. 
% O2, 0.5 vol.% Ne, He 
balance 

Pt/CeO2 

32 mg + 0.15 g SiO2 

AR 400/4 0.62 2.6 36.9 38 ~70 ~80 0.04 [95] 
1% CO + 20 % O2/Ar 
flow rate = 40 
WHSV = 75,000 

2.5 wt % Pt/CeO2 reduced (300 
◦C/40% H2) 

200 mg 
IWI 500/2 2.5 1 – 81 ~40 ~60 – [96] 0.6 % CO, 1% O2 

GHSV = 50,000 

10Pt/CeO2 

1% CO, 1% O2, N2 

balance, 40 ◦C SG 
400/3 9.71 7.5 15 48 ~55 ~100 7.6•10− 2 [67] flow rate = 40 IWI 

GHSV = 9600 IMP 

Pt/CeO2_S (S = subsequently 
steam-treated 
(hydrothermally aged)) 

30 mg 

IWI 800/12 1 atomic – 25.6 ~130 ~150 – [97] 0.4 % CO, 10 % O2, Ar 
balance 
WHSV = 200,000 

R5-Pt/CeO2 

reduced (R5 = reduced at 
550 ◦C) 

75mg 
CP 650/– 

0.5at 
% 

1.7 – – ~170 ~200 – [64] 6% CO, 40 % O2, Ar 
balance 

Pt/CeO2 (red) 0.01 − 0.1 g, 200 ◦C 

DP 
Dried at 
80 ◦C/12 0.5 2.5 – ~107 

~210 >300 0.48 

[65] Pt/CeO2 (ox) 

for reducing 
conditions: 13 % CO, 
5% O2, He balance ~187 >300 0.57 
for oxidizing 
conditions: 5% CO, 13 
% O2, He balance 

Pt-CeO2 (Gly-N) (Gly = glycine 
fuel, N = Pt(NH3)4(NO3)2 

precursor) 

16 mg/Al2O3 

SCS – 1.14 4.2 – 47 ~115 ~150 – [98] 2% CO, 2% O2, 96% He 
flow rate = 50 

1Pt/CeO2_500 
0.3 g / quartz glass 

IWI 500/– 1 1.72 65.9 41 125 160 9.6•10− 2 [99] 0.5 % CO, 4.5 % O2 in 
He flow rate = 300 

Pt(2)/(800C)CeO2 (ceria 
thermally pretreated at 800 
◦C) 

0.05 g + 0.1 g α-Al2O3 

IWI 500/2 2 <5 57 ~135 140 ~150 5.1•10− 2 [100] 
1000 ppm CO, 10 % 
O2, N2 balance, 190 ◦C 
flow rate = 200 
GHSV = 120,000 

Pt1/PN-CeO2 (PN = porous 
nanorod) 

10 mg HT 

350/3.5 0.57 atomic – – ~70 ~85 – [74] 
1 %vol CO, 1 %vol O2, 
Ar balance PAD 
WHSV = 2100 

(continued on next page) 
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important reactions. The preparation method (including catalyst pre
treatment procedures and Pt precursor) significantly affects the disper
sion, morphology, and state of Pt species in the final catalysts. The Pt 
dispersion is also affected by the catalyst pretreatment procedures (e.g., 
plasma treatments or oxidative/reductive treatments). One way to 
improve the dispersion and stabilize the formed Pt species is to use high- 
surface-area supports (including high-surface ceria). Thus, new metal 
redispersion strategies are required. The role and mechanisms of 
involvement of surface functional groups can also be envisioned. It is 
noteworthy also that most catalysts were tested under ideal conditions, 
while it is preferable to test them under the simulated real exhaust 
conditions taking into account the probable effects of humidity and 
poisoning. With that, it is crucial to apply advanced characterization 
techniques to determine the metal dispersion, including statistical 
analysis based on the TEM or environmental TEM data, chemisorption 
methods, etc. 

For CO oxidation (Table 1) conventional methods allow producing 
the composites with a rather high surface area and small particle size, 
including single-atom formulations, with the interplay between these 

features being important. Such composites show low-temperature (room 
temperature and below) CO oxidation activity at space velocities of 
50,000–75,000 h− 1. At the same time, such methods as pulsed laser 
ablation or incipient wetness impregnation allowed producing the cat
alysts operating at GHSV of no less than 200,000 h− 1. Moderate calci
nation temperatures (300− 450 ◦C) are adequate to ensure lower T100 % 
and higher time-on-stream values. The size effect of Pt particles is not 
pronounced implying that other factors (e.g., ceria morphology) feature 
an equal or higher impact on the catalyst performance. Application of 
MOx promoters based on transition metals (Fe, Co, etc.) allows reducing 
the T100 % values as compared to unpromoted samples. One can expect 
the performance enhancement upon subsequent catalyst modification 
by other transition metal compounds (e.g., Mn-based components) as 
well as the use of ordered supports. Similar effects are observed for the 
DRM catalysts (Table 4). With that, it is crucial to compare the catalyst 
performance at similar reaction conditions. 

The Pt-CeO2-based catalysts were actively used in the abatement of 
different types of VOCs, including alkanes, alcohols, aldehydes, ketones, 
ethers, aromatics as well as Cl- and O-containing compounds (Table 2). 

Table 1 (continued ) 

Catalyst designation Reaction conditions Preparation 
method 

Tcalc, ºC/ 
tcalc, h 

ωPt, 
wt.% 

Pt size, 
nm 

DPt, 
% 

SBET, 
m2/g 

T50, 
oC 

T100, 
oC 

TOF, s− 1 Ref. 

0.42% PtOx/CeO2 NWs-350 
(NW = nanowire) 

50 − 500 mg + SiO2 

HT – 0.42 0.6 100 ~40 – – 1.3•10− 2 [101] 13 % CO, 33 % O2, He 
balance 

Rod/Pt 25 mg + 975 mg SiO2 

MAP Dried 

1.0at. 

2− 3 – 

78 ~125 ~150 

– [102] Cube/Pt 
CO and O2 flow rate =
2.4 mL min− 1, N2 

balance 
1.1at. 14 ~140 ~180 

Octa/Pt flow rate = 50 1.3at. 20 ~165 ~200 

Pt/CeO2 HS (HS = hollow 
sphere) 

50 mg 

ST 300/4 1.4 5.7 – 190 155 158  [69] 
1% CO/20 % O2/79% 
N2 

flow rate = 67 
WHSV = 80,000 

0.5 % Au2Pt3/CeO2 
0.2 Vol.% CO, 1.0 Vol. 
% O2 in an inert gas 

IWI 200/2 0.29 3− 5 
(Au2Pt3) 

– ~120 ~60 ~100 – [103] 

Pt/CeSn-700 (Pt/SnCeOx) 

0.36 g 

PA 700/- 2.37 – – 39 175 ~225 19.8•10− 3 [94] 
0.2 vol.% CO, 1.0 vol. 
% O2, 0.5 vol.% Ne, He 
balance 

FeOx/Pt/CeO2 32 mg + 0.15 g SiO2 

DP 

400/4 0.61 2.6 28.5 30 ~-8 ~20 1.10 

[95] CoOx/Pt/CeO2 1% CO + 20 % O2/Ar 400/4 0.61 2.7 31.2 33 ~5 ~30 0.88 

NiOx/Pt/CeO2 
flow rate = 40 400/4 0.60 2.6 33.3 31 ~40 ~60 0.24 
WHSV = 75,000 

4%Pt-16 %CeO2/SiO2 

0.005–0.1 %CO, 21 % 
O2, N2 balance, 5% CO 
in N2 

IWI 300/2 4 – 42 257 – – 0.028 [104] 

Pt/CSAO (CSAO = Ce-Si-Al-O) 

1% CO, 10 % O2, and 
Ar balance HT + AlD Pt – – 3.8 – 8.5 ~180 ~350 – [105] 
flow rate: 200 
GHSV = 48,000 

Pt/Ce0.8Zr0.2O2 

50 mg 

IMP 600/2 0.4 4 – 71.9 121 130 0.156 [106] 
1 vol% CO, 21 vol% O2, 
N2 balance 
WHSV = 60,000 

Pt/AlCe-AH (Pt/AlCeOx) 0.02 g / 1 g SiC P (NH4OH) 500/2 1 – 24.0 102 ~105 ~122 – 

[107] 
Pt/AlCe-PH (Pt/AlCeOx) 

1vol% CO, 4 vol% O2 

and 95 vol% N2 
P (KOH) 500/2 1 – 12.9 110 ~120 ~135 – 

Pt/AlCe-SH (Pt/AlCeOx) 
flow rate = 200 

P (NaOH) 500/2 1 – 10.1 104 ~125 ~145 – 
Pt/AlCe-PC (Pt/AlCeOx) P (K2CO3) 500/2 1 – 6.6 58 ~182 ~190 – 
Pt/AlCe-SC (Pt/AlCeOx) P (Na2CO3) 500/2 1 – 5.7 17 ~188 ~197 – 

1 wt.%Pt/5 wt.%CeO2-Al2O3 

50 mg / 500 mg quartz 

FSP 500/5 0.8 <1 – ~130 ~140 ~193 – [108] 
8 % O2, 0.1% CO, 0.5 % 
C3H6, N2 balance 
flow rate = 500 
WHSV = 600 

Imp – impregnation; IWI – incipient wetness impregnation; Red – reduction; DP – deposition-precipitation; CP – co-precipitation; HT – hydrothermal process; MSM – 
modifier Stöber method; ME – microemulsion-mediated synthesis with SiO2; PLA – pulsed laser ablation; PA – plasma-arc technique; AR – ethylene glycol reduction; 
FSP – flame spray pyrolysis; PAD – Photoassisted deposition; SG – sol–gel; UP – urea precipitation; MAP – Microwave-assisted precipitation; ST – solvothermal method; 
SCS – solution combustion synthesis; P – precipitation; DPt – Pt dispersion; ωPt – Pt loading; WHSV – weight hourly space velocity, mL g− 1 h-1; GHSV – gas hourly space 
velocity, h-1, flow rate in mL min-1. 
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Table 2 
A selection of Pt/CeO2 catalysts for VOCs abatement.  

Catalyst designation /Preparation 
method 

Type of VOC Reaction conditions ωPt, 
wt.% 

Pt size, nm SBET, m2 

g− 1 
T50, oC T100, 

oC 
TOF, s− 1 Ref. 

CePt500-red (Ce1− xPtxO2) citric 
acid method methane 

50 vol % CH4, 3 vol % O2, Ar 
balance 

10 – 33 349 360 – [109] GHSV = 30,000 
200− 500 ◦C 

Pd-Pt/La2O3-Y2O3-CeO2-ZrO2 IWI methane 

5 ppm SO2, 30 ppm NO2, 120 
ppm NO, 3200 ppm CH4, 10% 
O2, 12% H2O, N2 balance 0.48 1− 2 75 430 550 – [110] 
GHSV = 80,000 
450 ◦C 

Pt/CeTi-11 (Pt/CeO2-TiO2, pH of 
solution is 11) modified 
ethylene glycol (EG) reduction 
method 

n-hexane 

300 mg 

0.5 1.53 25 255 310 – [244] 
1000 ppm of VOC 
flow rate = 75 
GHSV = 15,000 

Pt/Ce-USY-ex 

n-hexane 

300 mg catalyst 

0.43 2.4 545 163 200 – [125] 
ion-exchange method 

1000 ppm of VOC 
flow rate = 75 
GHSV = 15,000 

Pt/Ce-USY-ex 

benzene 

300 mg catalyst 

0.43 2.4 545 180 190 – [125] ion-exchange method 
1000 ppm of VOC 
flow rate = 75 
GHSV = 15,000 

Pt/CeTi-11 (Pt/CeO2-TiO2, pH of 
solution is 11) benzene 

0.3 g catalyst 

0.5 1.53 25 148 164 – [244] 1000 ppm 
modified ethylene glycol (EG) 

reduction method 
flow rate = 75 
GHSV = 15,000 

Pt(1 wt%)/Al2O3–CeO2 (30 wt%) benzene 
flow rate=70 

1.0 5− 20 68 216 T80 =

300 
– [111] 1000 ppm of VOC 

IWI WHSV = 8400 
0.2 % Pt/CeO2(400) (Ce-MOF-120 

calcined at 400 ◦C) benzene 
1 ppm of VOC 

0.2 – 93.7 168 200 – [112] 
high-temperature liquid phase 

reduction 
GHSV = 20,000 

1.0% Pt/CeO2-MM 

benzene 

2.0 g m− 3 of VOC 
1.0 1.8 57.2 120 160 – 

[205] 
HT 

WHSV = 48,000 1.0% Pt/CeO2-NC 
1.0 2.8 19.2 270 – – HT 

Pt/CeO2 

toluene 
60 mg 

0.5 2.5 3 250 ~420 – [113] IWI 0.1 % C7H8 in air 
flow rate = 200 

(Pt/CeO2)-P 

toluene 

120 mg 

0.77 3.27 87 185 230 9.88•10− 4 

(TOFPt) 
[72] 

HT + DBDP 

200 ppm toluene in 20 % O2/ 
N2 

flow rate = 100 
WHSV = 50,000 

Pt/CeO2 

toluene 

100 mg + 400 mg silica 

0.79 2.4 96 ~165 ~225 7.9•10− 3 [114] IWI + thermal and plasma 
treatments 

200 ppm toluene 
0.02 % toluene, 20 % O2, N2 

balance 
Pt/EC-2.5 

toluene 

0.40 g 

0.65 – 133 ~170 ~200 
5.52•10− 2 

(TOFPt) 
[70] STP 

0.09 vol% of toluene 
flow rate = 200 GHSV =
50,000, 160 ◦C 

Pt/CeO2-r 

toluene 

200 mg + 800 mg silica 

0.19 (8 ± 2) _ 
(100–200) 

103 138 180 10.4•10− 2 

(TOFPt) 

[66] 

HT + IMP 
1000 ppm toluene dry air 
0.1 % toluene, 20 % O2, N2 

balance 
Pt/CeO2-p 

toluene 
WHSV = 48,000 

0.18 25 ± 5 129 150 200 
6.91•10− 2 

(TOFPt) HT + AR 
Pt/CeO2-c 

toluene 0.18 100–300 15 170 230 
3.34•10− 2 

(TOFPt) HT + AR 
Pt/CeO2-1.8 

toluene 

200 mg + 800 mg silica 

0.24 1.88 99 132 160 
6.75•10− 3 

(TOFPt) 
[115] 

HT + AR 

1000 ppm toluene 
dry air (20 % O2/N2, 160 mL 
min− 1) 
0.1 % toluene, 20 % O2, N2 

balance 
WHSV = 48,000 

Pt(1 wt.%)/Al2O3-CeO2(30 wt.%) toluene 1300− 3000 ppm 1.0 12.7 92 ~130 180 – [116] 
USP IMP GHSV = 12,000 
2%Pd–0.8 %Pt/CeO2-10-γ-Al2O3 toluene 243 ppm 0.8 – 130.09 210 240 – [117] 
IWI GHSV = 5000 

Pt(1 wt%)/Al2O3–CeO2 (30 wt%) toluene 
flow rate=70 

1.0 5− 20 68 190 250 – [111] 1000 ppm of VOC 

(continued on next page) 
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Table 2 (continued ) 

Catalyst designation /Preparation 
method 

Type of VOC Reaction conditions ωPt, 
wt.% 

Pt size, nm SBET, m2 

g− 1 
T50, oC T100, 

oC 
TOF, s− 1 Ref. 

IWI WHSV = 8400 

Pt(1 wt%)/Al2O3–CeO2 (30 wt%) 
IWI 

xylene 
flow rate=70 

1.0 5− 20 68 186 300 – [111] 1000 ppm of VOC 
WHSV = 8400 

Pt1-CeO2{100} (single-atom 
catalyst) 

methanol 0.28 g 0.061 1.07 39 33 52 0.68 [175] 
flow rate = 152 

IMP  GHSV = 30,400        
Pt1-CeO2{100} (single-atom 

catalyst) ethanol flow rate = 180 0.061 1.07 39 91 138 – [175] 
IMP GHSV = 36,000 
Pt-10Ce/C(CI) (10 %wt. CeO2) 

ethanol 
150 mg 

1.0 – 
– (1324 
for 
support) 

74 125 – [151] IMP 1000 ppm of ethanol in air 
flow rate = 100 

Pt/Co3O4–CeO2 

isopropyl alcohol 

toluene, ethyl acetate, 
isopropyl alcohol, 
ethylbenzene, and ethanol in 
the prepared gas were 0.4 
×103 ppm, 0.9 × 103 ppm, 
0.9 × 103 ppm, 0.3 × 103 
ppm, and 0.8 × 103 ppm 

5.0 – – 150 250 – [122] 

PVP-assisted deposition and 
stiring in crucible 

flow rate = 100 mL min− 1 

Pt(7 wt. 
%)/Ce0.68Zr0.17Sn0.15O2(16 wt. 
%)/ZrO2(24 wt.%)/SBA-16 phenol 

0.4 g catalyst 
7.0 – 138 – 80 – [118] 

IMP 
1000 ppm phenol aqueous 
solution (10 mL) 

Pt/Al9Ce1 Formaldehyde 0.1 g 0.8 3.0 318 – RT – [119] 
IMP condensed HCHO(38 %) 
Pt/Ce-2 Formaldehyde 0.1 g 1.19 – 58 – RT – [120] 
ME + IMP condensed HCHO(38 %) 
Pt1-CeO2{100} (single-atom 

catalyst) Formaldehyde flow rate = 210 0.061 1.07 39 20 57 – [175] 
IMP GHSV = 42,000 
Pt1-CeO2{100} (single-atom 

catalyst) acetaldehyde 
flow rate = 210 

0.061 1.07 39 103 158 – [175] 
IMP GHSV = 42,000 
Pt/CeO2/ZSM-5 

acetaldehyde 
50 mg 

1.0 6.1 – 149 197 – [121] 
IMP 

flow rate = 24 
GHSV = 1200 

Pt/Co3O4–CeO2 

ethyl acetate 

100 mL min− 1 

5.0 – – 190 275 – [122] PVP-assisted deposition and 
stiring in crucible 

toluene, ethyl acetate, 
isopropyl alcohol, 
ethylbenzene, and ethanol in 
the prepared gas were 0.4⋅103 

ppm, 0.9⋅103 ppm, 0.9⋅103 

ppm, 0.3⋅103 ppm, and 
0.8⋅103 ppm 

Pt1-CeO2{100} (single-atom 
catalyst) ethyl acetate 

flow rate = 180 
0.061 1.07 39 135 195 – [175] 

IMP GHSV = 36,000 
Pt/CeTi-11 (Pt/CeO2-TiO2, pH of 

solution is 11) 
ethyl acetate 0.3 g 

0.5 1.53 25 230 290 – [244] 
modified ethylene glycol 

reduction method  

1000 ppm of VOC 
flow rate = 75 
GHSV = 15,000 

Pt/Ce-USY-ex 

ethyl acetate 

300 mg 

0.43 2.4 545 182 210 – [125] 
ion-exchange method 

1000 ppm of VOC 
flow rate = 75 
GHSV = 15,000 

Pt1-CeO2{100} (single-atom 
catalyst) methyl ethyl ketone flow rate = 180 0.061 1.07 39 130 176 – [175] 

IMP GHSV = 36,000 
0.6 %Pt/CeO2 

dichloromethane 

400 mg 

0.6 ~2.4 82 400 – – [123] 
IWI 

500 ppm of VOC 
GHSV = 143,793 
1.5 vol.% H2O 

Pt/Ce-Al 

dichloromethane 

100 mg catalyst 1.0 10 85 470 T90 =

560 
– [124] 

IWI 500 ppm of DCM 
Pt-Au/Ce-Al 1.5 vol.% H2O 

1.0 10− 30 85 430 T90 =

570 
– [124] surface redox reactions in aqueous 

phase WHSV = 720 

Pt/CeTi-11 (Pt/CeO2-TiO2, pH of 
solution is 11) 1,2-dichloroethane 

0.3 g 
0.5 1.53 25 260 350 – [244] 1000 ppm of VOC 

flow rate = 75 

(continued on next page) 
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Table 2 (continued ) 

Catalyst designation /Preparation 
method 

Type of VOC Reaction conditions ωPt, 
wt.% 

Pt size, nm SBET, m2 

g− 1 
T50, oC T100, 

oC 
TOF, s− 1 Ref. 

modified ethylene glycol (EG) 
reduction method GHSV = 15,000 

Pt/Ce-USY-ex 

1,2-dichloroethane 

300 mg catalyst 

0.43 2.4 545 225 300 – [125] 
ion-exchange method 

1000 ppm VOC 
flow rate = 75 
GHSV = 15,000 

0.90Ru2.77Pt/3DOM CeO2 

trichloroethylene 

250 ◦C 

0.37 3.4 39 321 T90 =

373 
1.0 [126] polyvinyl alcohol (PVA)-protected 

NaBH4 reduction route 

1000 ppm of TCE, 20 vol%O2, 
N2 balance 
flow rate = 16.7 
WHSV = 20,000 

Pt/CeO2 

Chlorobenzene (CB) / 
1,2-dichlorobenzene 
(1.2-DCB) / benzene 
(B) 

200 mg 
0.52 – 94 

327 / 
334 / 
266 

500 / 
500 / 
360 

– 

[127] 

IMP 1000 ppm of VOC, 
10 % O2, N2 balance 

Pt-1W/CeO2 feed flow = 100 
0.43 – 88 

273 / 
308 / 
172 

450 / 
450 / 
215 

7.3•10− 4 
Co-IMP 

GHSV = 60,000 

Pt-4W/CeO2 

0.46 – 82 
263 / 
293 / 
174 

395 / 
420 / 
200 

2.9•10− 4 
Co-IMP 

Pt-8W/CeO2 

0.44 – 71 
270 / 
285 / 
192 

385 / 
400 / 
222 

1.4•10− 4 
Co-IMP 

Pt/Ce-Al (Pt/CeO2-Al2O3) 
dimethyl disulfide 

300 mg 
1.20 – 70 380 T90 =

460 
– [231] 

IWI 
500 ppm of DMDS 
WHSV = 720 

IMP – impregnation; IWI – wet impregnation; USP IMP – ultrasound–plasma assisted impregnation; HT – hydrothermal method; DBDP – dielectric barrier discharge 
plasma; ME – microemulsion process; RME – reverse-micelle emulsion process; STP – surfactant template protocol; AR – alcohol reduction; Co-IMP – co-impregnation; 
PVP – polyvinylpyrrolidone, ωPt – Pt loading; WHSV – weight hourly space velocity, mL g− 1 h-1; GHSV – gas hourly space velocity, h-1, flow rate in mL min-1. 

Table 3 
A selection of Pt/CeO2 catalysts for nitroaromatic compounds hydrogenation.  

Catalyst Nitroaromatic 
compound 

Reducing reagent Reaction 
temperature 

Rate constant (s− 1) or Conversion (X, %) and 
Selectivity (S, %) 

Ref. 

Pt-CeO2 4-NP (ethanol:water =
2 : 1) 

H2 (1.5 MPa) 25 ◦C X = 100 %; S = 99 % after 6 h [55] 

Pt/CeO2 catalysts with different Pt particle sizes p-CNB (ethanol) H2 (1 MPa) 40 ◦C X = 100 %; S = 100 % [128] 
for 0.6 wt.% Pt 

Pt/CeO2 

4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) 

25 ◦C 

1.95⋅10− 2 

[129] 
surface-embedded (se) or surface-loaded (sl)a 

3.58⋅10− 2 

1.95⋅10− 2 

9.75⋅10− 3 

Pt/meso-CeO2 4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) RT 

6.03⋅10− 3 
[130] Pt/nano-CeO2 4.07⋅10− 3 

Pt/meso-CeO2 4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) RT 

6.03⋅10− 3 

[86] Pt/meso-CeO2Co30 9.63⋅10− 3 

Pt/mesoCeO2Co10 11.30⋅10− 3 

disk-like Pt/CeO2-p-TiO2 (treatment at RT, 300 
◦C, 550 ◦C, 700 ◦C) 

4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) RT 

6.96⋅10− 3 (RT) 

[131] 
6.19⋅10− 3 (300 ◦C) 
15.08⋅10− 3 (550 ◦C) 
5.22⋅10− 3 (700 ◦C) 

CeO2 

4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) 

RT 

0 

[56] 

Fe3O4 0.33⋅10− 3 

Fe3O4@CeO2 0.50⋅10− 3 

Fe3O4@CeO2/Pd 21.5⋅10− 3 

Fe3O4@CeO2/Pt 17.8⋅10− 3 

Fe3O4@CeO2/Pd-Pt 10.3⋅10− 3 

Pt/CeO2 4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) RT 

3.19⋅10− 3 
[87] Pt/Fe3O4–CeO2 5.47⋅10− 3 

PLAL-Pt100-xAux-alloy-NP/CeO2-NT hybrids (Pt- 
Au/CeO2) 

4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution) RT 

3.5 10− 2 (x = 0) 

[132] 
10.87 10− 2 (x = 50) 
5.5 10− 2 (x = 30) 
10.14 10− 2 (x = 70) 
1.08 10− 2 (x = 100) 

Pt-Ag/CeO2 
4-NP (aqueous 
solution) 

NaBH4 (aqueous 
solution)  15.93⋅10− 3 [133] 

Pt@CeO2/RGO 
4-NP (aqueous 
solution) 

NH3BH3 (aqueous 
solution) 

24 ◦C 7.17⋅10− 3 [85]  

a Nanostructures before heat treatment (se) after heat treatment at 500 ◦C (se500), nano-structures before heat treatment (sl) after heat treatment at 500 ◦C (sl500). 
4-NP – 4-nitrophenol, p-CNB – p-chloronitrobenzene. 
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The VOCs abatement usually requires the catalysts with higher specific 
surface and higher T100 % values as compared to CO oxidation. At the 
same time, lower Pt loadings are used. It is noteworthy that conventional 
impregnation techniques allow producing the high-performance cata
lysts for the removal of O-containing VOCs (methanol, ethanol, iso
propanol, formaldehyde, acetaldehyde, ethyl acetate, etc.) as well as 
dichloromethane. A higher number of C atoms in the alcohol molecule 
(or the presence of more branched radical) usually requires higher 
temperatures to completely remove the VOCs. Both high surface area 
and Pt particle sizes are beneficial for low-temperature activity in the 
removal of O-containing VOCs. 

The high-performance catalysts for the removal of alkanes (methane, 
hexane) and aromatic VOCs (benzene, toluene, xylene) feature different 
behavior, and the application of hydrothermal treatment procedures 
during the preparation of supports and/or catalysts is usually favorable 
for the overall performance of the final sample. Higher Pt content en
sures higher activity in methane combustion, with the sample prepared 
using citric acid showing superior performance. The higher surface area 
of the composite is beneficial for hexane removal, with the sample 
prepared using the ion-exchange method being more active. In benzene 
removal, the catalysts featuring moderate surface area and Pt size below 
2 nm show the highest performance, while in toluene oxidation, the 
specific surface is almost independent of the Pt size. Due to the presence 
of the second methyl group, xylene is removed at a higher temperature 
as compared to toluene. 

The abatement of S- or Cl-containing VOCs generally requires 
elevated temperatures that can be connected with both geometric and 
electronic factors. In particular, the presence of the aromatic ring in 
pristine and Cl-substituted benzenes causes the application of higher 
energy costs to remove these VOCs. The Pt loadings below 0.52 wt% 
showed rather high activity, with the sample produced using the ion- 
exchange approach being superior. 

Although the Pt-CeO2-based composites showed the capability to 
selectively transform a number of typical VOCs (e.g., glycerol [77], 
propane [78], butane [17], cyclohexane [79], methyl cyclohexane [80], 
acetonitrile [81], etc.), still the total oxidation activity can be further 
studied in more extent for other typical VOCs (e.g., naphthalene, eth
ylenediamine, methyl mercaptan, olefins, etc.). 

In the reduction of nitroaromatic compounds (Table 3), the Pt-CeO2 
catalysts show near room-temperature activity in aqueous, alcoholic, 
and mixed water-alcohol solutions, and different reducing agents (H2, 
NH3BH3, NaBH4). However, the exact reaction mechanisms in each case 
and their effect on such behavior remain debating. 

Recently, high research attention was given to facile surface engi
neering approaches. For instance, in CO oxidation reaction, the utili
zation of molecule − surface charge transfer adducts implying the 
generation of an adequate amount of Ce3+ defective sites through the 
adsorption of reductive ascorbic acid molecules [82] was proposed. A 
spontaneous surface redox reaction between the Ce(OH)3/CeO2 and 
[PtCl6]2− to obtain highly dispersed Pt nanocatalyst anchored on porous 
CeO2 nanorods in a Cl-free environment was introduced to show strong 
electronic MSI (Fig. 2) [83]. It is noteworthy that the formation of the 
active surface Ce3+ sites with the participation of Pt species without an 
oxygen supply or the application of reducible molecules was also pro
posed [84]. 

To prepare the catalysts for conversion of nitroaromatic compounds, 
an inorganic approach to synthesize Pt@CeO2 multicore@shell nano
spheres was proposed [85], where Ce(NO3)3 interacted with K2PtCl4 in 
an alkaline aqueous solution and Ar atmosphere without adding 
reducing agents and surfactants. The structure was stable upon calci
nation at 600 ◦C for 5 h. 

The encapsulation of metal NPs (Pt, Au, Ag, and Pd) into the hier
archically self-assembled 2D ceria nanoplatelets was proposed [71] 
using the buckling of colloidal ceria nanoplatelets in oil-in-water 
emulsions (Fig. 3A). The Pt NPs (~2 nm in diameter) were obtained 
through the interaction of Pt(acac)2, benzyl alcohol, and oleylamine. 
Ceria platelets and metal nanoparticles are mixed in chloroform with a 
desired nanoparticle ratio. The Pt/CeO2 catalyst showed superior ac
tivity in 4-nitrophenol reduction and CO oxidation (Fig. 3B). It is note
worthy that the completeness of removal of organic ligands from the NPs 
and the role of residual ligands in catalysts performance remain unclear. 

The composites with the ordered structure for 4-nitrophenol reduc
tion were introduced. The KIT-6-based template synthesis utilizing 
polyamidoamine (PAMAM) dendrimers that allowed stabilizing the Pt 
NPs on ordered mesoporous ceria [86] combined hydrothermal and 
hard template techniques. The normalized rate constant was signifi
cantly higher than for a number of Pt-based catalysts prepared by 

Table 4 
A selection of DRM catalysts.  

Catalyst 
designation / 
Preparation 
method 

Reaction 
conditions 

ωPt, % SBET, 
m2/g 

Catalyst 
performance 

Ref. 

PtOx/ 
MgO–Al2O3 

80 mg 
0.9 163 

X(CH4) = 81 
(72)%; H2/CO 
= 0.8 

[134] 
IMP 650 ◦C 
PtOx/ 

CeO2–La2O3 

CH4:CO2:N2 =

1:1:1 1.0 151 
X(CH4) = 90 
(78)%; H2/CO 
= 0.9  IMP 700 ◦C 

PtOx/ 
CeO2–Al2O3  0.9 87 

X(CH4) = 50 
(85)%; H2/CO 
= 0.8 IMP 

Pt/1CeO2–ZrO2 0.05 g 

1 197 

X(CH4) = 20.1 
%; 

[135] 
IWI 

550 ◦C X(CO2) = 21.0 
% 

CH4(20%), 
CO2(20%), N2 

balance H2/CO = 0.48 
flow rate: 100 
mL min− 1 

PtCo/CeO2 

20 mg, CO2: 
CH4:Ar =
10:10:60 1.67 ~35 

X(CH4) = 14.3 
% 

[68] 

SPI 1 atm, 600 ◦C X(CO2) = 25.5 
% 

Pt25Ni75/Ce 
(Pt-Ni/CeO2) 0.050 g 

31.23 
at. 

67 

At 650 ◦C: 

[136] 
P 

500–800 ◦C 
X(CH4)=~43 
%; X(CO2)=
~46 % 

CH4(33%): 
CO2(33%), N2 

balance H2/CO = 0.65 
total flow =
90 mL min− 1 

Pt/FeMo/Ni/ 
Al2O3-CeO2 

300 mg +
sand (1:6) 

2.258 
(Fe, 
Mg, Pt) 

77 

X(CH4) = 81%; 
X(CO2) = 86% 

[137] 
IWI 

CH4/CO2 =

50/50 

H2/CO = 0.91 GHSV =
12,000 mL 
gcat

− 1 h-1 

700 ◦C 

Pt/CePr/Al2O3 
SiC/catalyst 
ratio = 1.5 1.0 118 

X(CH4) = 67%; 
X(CO2) = 72% 

[138] 

IWI CH4:CO2 =

1:1 
H2/CO = 0.90 

Pt/CeNb/Al2O3 
flow rate =
100 mL min− 1 1.1 112 

X(CH4) = 58%; 
X(CO2) = 68% 

IWI 

800 ◦C 

H2/CO = 0.88 

Pt/CeZr/Al2O3 1.1 116 
X(CH4) = 63%; 
X(CO2) = 72% 

IWI H2/CO = 0.87 

SCS – solution–combustion synthesis; Co-P – coprecipitation; IMP – impregna
tion; DP – deposition–precipitation; SG – sol–gel; FC – flame combustion; Co-D – 
codeposition; HT – hydrothermal method; Co-IMP – coimpregnation method; 
IWI – wet impregnation method; SPI – slurry phase impregnation; P – precipi
tation; ωPt – Pt loading; WHSV – weight hourly space velocity; GHSV – gas hourly 
space velocity. 
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precipitation or modified solvothermal methods. Ordered mesoporous 
0.1 %Pt/Fe3O4–CeO2 heterostructured gel comprising a magnetic Fe3O4 
layer, ceria core and Pt NPs evenly dispersed in ceria matrix was also 
fabricated using aerogel technology and chemical deposition [87]. The 
Fe3O4 crystal sheet thickness was ~16 nm. High photocatalytic activity 
expressed in hydrogen production rate (4.967 mmol/g) was achieved 
due to fast reactant diffusion and higher content of active sites ensured 
by mesoporous ceria matrix. The thermodynamically favorable 
Fe2+–Ce4+ transfer due to oxidation-reduction cycle of Ce4+ in the 
presence of BH4

− . 
Although such catalysts featured high surface area and multiple 

defect sites, these features can be for good and for bad in the catalytic 
reaction since, from one hand, the defective sites are usually more 
reactive, while, from the other hand, their inhomogeneous structure 
implies unequal distribution of catalyst components resulting in inho
mogeneous activity and selectivity. It is noteworthy also that the large- 
scale approach (e.g., [85]) will require high attention to the composition 
of impurities in the feedstock that may drastically affect the catalyst 
performance. 

The positive effect of dielectric barrier discharge plasma treatment 
was demonstrated in catalytic toluene oxidation [72]. The plasma 
treatment results in the breaking of ceria nanorods to increase the sur
face area and formation of a higher amount of surface notches. The Pt 
size and dispersion significantly improved along with the increased 
concentration of oxygen vacancies. Moreover, plasma treatment 

imposed high stability and water resistance. The nature of plasma action 
still requires additional studies. The relationship between plasma mode 
parameters and the structure-performance interplay in specific reactions 
should be thoroughly investigated. Particular attention can be paid to 
plasma-surface interactions. It is noteworthy that other plasma-based 
techniques (e.g., low-temperature plasma approach based on the cold 
hollow-cathode arc [88] or vacuum-arc plasma-assisted deposition with 
plasma flow filtering [89]) can be considered. 

2.1. Catalyst treatment 

The conditions of support and catalyst pretreatment were found 
crucial for the organization of the active surface and bulk catalyst 
structure in a number of environmental reactions catalyzed by com
posites utilizing Pt–CeO2 interfaces. Most effects are caused by the 
reductive and oxidative treatments and the catalyst calcination tem
perature. The treatment conditions (reducing or/and oxidizing) affect 
the local surface atomic configurations and states of Pt and Ce. In CO 
oxidation, the catalyst treatment conditions controlled the sizes of Pt 
species and concentration of oxygen vacancies, with the latter acceler
ating the reaction below 150 ◦C due to the synergistic effects with the 
adjacent Pt species [64]. The Pt–O–Ce ensembles can be formed during 
the oxidative treatment, while under reducing conditions Pt atoms are 
located on the oxygen vacancies of the reduced CeO2 surface [90]. 
Moreover, thermal stability was found a function of the number of such 

Fig. 2. (A) Schematic illustration of the L-ascorbic acid (AA)- 
assisted reduction synthesis of the atomically dispersed Pt/ 
CeO2 catalyst (CeO2-AA-Pt-cal). Reproduced with permission 
from Ref. [82]. Copyright Royal Society of Chemistry. (B) 
Synthetic routine of the highly dispersed Pt/CeO2 catalyst 
through the spontaneous surface redox reaction between Ce 
(OH)3/CeO2 nanorods and metal salt by a hydrothermal pro
cess. Reproduced with permission from Ref. [83]. Copyright 
Royal Society of Chemistry.   

M.A. Salaev et al.                                                                                                                                                                                                                               



Applied Catalysis B: Environmental 295 (2021) 120286

10

Fig. 3. (A) (a) Schematic illustration of the coassembly of ceria platelets and metal nanoparticles. (b − e) HAADF-STEM images (left panel) and EDS-STEM (right 
panel) of ceria platelets loaded with various metal nanoparticles: (b) Pd, (c) Au, (d) Pt, and (e) Ag. All scale bars are 100 nm. (B) Percentage conversion versus 
temperature plots for the oxidation nanoparticles: 1, Pd; 2, Au; 3, Pt; and 4, Ag. Reproduced with permission from Ref. [71]. Copyright American chemical society. 
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ensembles that were more resistant to H2 reduction after 
high-temperature oxidative treatment. Under low-temperature oxida
tive treatment and the subsequent high-temperature calcination (up to 
800 ◦C), only the formation of the Pt–O–Ce interactions was facilitated, 
while the support-bound Pt◦ species were not formed [91]. 

The reducing and oxidizing treatments were shown to be beneficial 
for the formation of interfacial sites with desired topological properties. 
Dynamic reducing/oxidizing cycles revealed the increase of ceria 
reducibility at elevated temperatures and upon employing stronger 
reducing mixtures or interaction with reduced Pt particles [92]. Higher 
Pt particle sizes reduced the interfacial perimeter suppressing the ceria 
reduction. 

Below 200 ◦C, the closely packed Pt clusters were shown to be ar
ranged permanently out of several pseudo-stable states of Pt on ceria, 
namely, sub-nanometric raft-like clusters, 3D hemispherical NPs (1–2 
nm) under reducing conditions, and isolated cations under oxidizing 
conditions at high temperature, and an intermediate 2D monolayer was 
formed [139]. Both the rates of formation and redispersion of Pt NPs 
during the reduction were faster at 500 ◦C. Cycling redox treatments at 
different temperatures ensured the formation of ceria-supported Pt 
species with different sizes and shapes. The species were different in 
terms of oxidation degree and interactions with the support. 

It is noteworthy that the temperature of oxidative decomposition of 
Pt precursor defines the nature, state, and size of the Pt species formed 
ensuring a high amount of Pt–O–Ce ensembles due to the formation of 
[OxPtCl6-x]n and PtOx species on the surface or in the bulk of ceria as well 
as at the interfacial Ce1-xPtxO2-y solid solution [99] (Fig. 4). 

The partial reduction of CeO2-based supports and metal-doped cat
alysts on the basis thereof generally leads to their improved features (e. 
g., oxygen storage and release capacity, reducibility, etc.) [140]. The 
mentioned effects usually result in improved activation of reaction 
feedstock (e.g., CO2 [17,18]). For Pt–Ba–Ce/γ-Al2O3 catalysts it was 
shown that the extended exposure time with H2 improved both NOx 
storage efficiency and conversion [141]. 

The formation of the multimodal porous network in the pre-reduced 
Pt–CeO2 catalyst was shown (Fig. 5) [142], where ceria nanocrystallites 

formed 3D aggregates and puzzle-like 2D walls separating large meso
pores and macropores, while the small voids between the imperfectly 
assembled crystallites formed micropores. ~50 % of the Pt NPs were 
located within ceria. Partial reduction of Pt NPs was also achieved [96]. 

To sum up, the local structure of the surface of partially reduced ceria 
remains debating, and more surface science and theoretical studies are 
required to elucidate the surface atomic configurations formed, 
including native defects. The Pt species interacting with the ceria surface 
can impose a different degree of ceria reduction depending on their sizes 
and morphology, and this issue can be further clarified. The exact 
location of Pt ions in the bulk and/or on the surface of the oxidized 
samples remains unclear. The oxygen stoichiometry in the reduced ceria 
still remains debating [143]. Moreover, although most proposed theo
retical models used to study this issue assume preserving the fluorite-like 
local structure for ceria upon doping with Pt, this seems unlikely in the 
case of real catalytic systems, and more realistic model conditions are 
required. The process and conditions (namely, temperature) of solid 
solution formation in the bulk and/or on the surface upon the sample 
reduction as well as the reversibility of such a process are also of 
particular interest. 

2.2. Pt precursor 

The nature of the precursor of the active metal component is known to 
influence on the catalyst performance. Usually, for Pt–CeO2 composites, 
H2PtCl6 [98] (or its salts [144]), Pt(NO3)2 [145] precursors and Pt(acac)2 
[71] are used, while organometallic complexes can be employed for mono- 
(trimethyl (methylcyclopentadienyl) platinum(IV) (MeCpPtMe3) [146] or 
(EA)2Pt(OH)6 [147]) and bimetallic (e.g., [AuEn2]2[Pt(NO2)4]3⋅6H2O for 
Au-Pt/CeO2 catalysts [103], [Rh(4-pic)4Cl2]2[Pt(NO3)6], [Rh(bpy)3]2[Pt 
(NO3)6]3, [Rh(bpy)3][Pt(NO3)6](NO3) (CH3COCH3)(CH3CN)(H2O) [148] 
for Rh-Pt/CeO2 catalysts) composites. Polynuclear Pt nitrato complexes 
([H3O⊂18-crown-6]2[Pt2(μ2− OH)2(NO3)8][Pt4(μ3− OH)2(μ2− OH)4(NO3) 
10][149]) tetraalkyl ammonium salts ((Me4N)2[Pt2(μ− OH)2(NO3)8], 
(Et4N)2[Pt2(μ− OH)2(NO3)8], (n-Pr4N)2[Pt2(μ− OH)2(NO3)8], (n-Pr4N)2[Pt 
(NO3)6], and (n-Bu4N)2[Pt(NO3)6] [150]) were introduced. The PtnOm 

Fig. 4. A schematic representation of the oxidized and reduced samples. Reproduced with permission from Ref. [99]. Copyright Elsevier.  
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clusters with low coordination number in the second shell were formed 
under the activation of NO3-rich support in combination with thermolabile 
Pt precursor and determined the catalyst activity. Interestingly, different 
surrounding of Pt atoms in polynuclear nitrato complexes is expected to 
impart different behavior of the sites derived thereof. For instance, the 
presence of a reducing agent in the Pt(NO3)2(NH3)2 results in the formation 
of larger Pt particles during the calcination. Thus, detailed surface science 
studies are required to shed the light on the nature of functionalization of 
such sites and the mechanisms of formation of the corresponding Pt species. 
The specific roles played by the ligands can also be further clarified. 

The Pt precursor can also diffuse through the preformed porous ceria 
film structure and then decompose only at the ceria surface to produce 
homogeneous Pt-doped ceria after the saturation of Pt2+ sites to result in 
the formation of metallic nanoclusters [146]. Moreover, the nature of 
the counter ion in the precursor salt may affect the performance also 
depending on the application reaction. For instance, in CO oxidation the 
samples derived from Cl-based precursor were found less active than 
those derived from NO3-based precursor [98], while the opposite situ
ation was observed in the total oxidation of alcohol [151]. 

Analysis of the literature shows that the composition of the Pt pre
cursor can drastically affect the performance of the designed catalyst. In 
that sense, it is crucial to pay more attention to the order of component 
introduction as well as the procedures of their treatment during the 
catalyst preparation and in the course of the target environmental re
action. More efforts are required to reveal the factors causing different 
behavior of anionic moiety of metal precursor to making these and other 
impurities work in cooperation with the active metal but not as a 

catalyst poison blocking the active sites. The mixtures of Pt precursors 
with different nature and structures can be also considered to unlock the 
potential synergistic effects of anionic moieties. The functionalization of 
the catalyst surface upon decomposition of the precursor containing 
organic moieties and the derived structure-performance relationships 
should also be investigated in more details. 

2.3. Ceria precursor 

Although in supported metal catalysts the role of metal precursor 
cannot be overemphasized, the precursor of the support material can be 
equally important. Indeed, the selection of Ce precursor determines the 
features of the ceria formed, including textural, redox, and acid-base 
properties. For Pt/CeO2 catalysts, the Ce(NO3)3 hydrates are the most 
frequently used precursors as they are available, and the catalyst syn
thesis procedures on the basis thereof meet the requirements on 
economical feasibility. Recently, the opportunities to use other Ce pre
cursors were shown for cerium nitrate mixture with oxalate [152], 
cerammonium nitrate [92,153], Ce(OH)3/CeO2 nanorod precursor [83], 
cerium tetrakis (1-methoxy-2-methyl-2-propanolate) (Ce(mmp)4) 
[146]. Cerium chloride is less often used in the preparation of 
ceria-based environmental catalyst [154] due to low tolerance of ceria to 
Cl [127] and high affinity of cerium to Cl to yield cerium oxychlorides 
and Cl effect on the morphology of the ceria formed. It is noteworthy 
that commercial ceria is frequently used to prepare the Pt/CeO2 cata
lysts or promote Pt-based catalysts supported on other oxide materials. 
The role of oxalate [152] was connected with the formation of void 

Fig. 5. STEM-HAADF tomography analysis of a 
ceria aggregate supporting Pt nanoparticles. a) 
Projection at 0◦, in which the white dots 
correspond to Pt particles; b) cross section 
along the XY plane; c) cross section along the 
XZ plane; the dashed line shows the intersection 
between the two slices; d) model of the aggre
gate (shown in a viewing direction corre
sponding to that in a), with ceria and Pt 
represented in blue and red, respectively. The 
bright red particles (as the one circled in red) 
are located at the surface of the ceria aggregate 
and the dark red particles (as the one circled in 
blue) are buried in ceria; e) Pt particle size 
distribution. Reproduced with permission from 
Ref. [142]. Copyright Wiley. (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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spaces upon the slow release of gases during its thermal decomposition. 
Physical methods of CeO2 production such as pulsed laser ablation 

from liquids for Ce target [76] are also used. The Ce precursor can also 
be involved in the formation of the porous structure of the support as 
well as surface oxygen vacancies that were shown for the Pt-doped CeO2 
thin films prepared by direct liquid injection chemical vapor deposition 
(DLI-CVD) technique. 

Recently, metal-organic framework (MOF)-derived ceria-supported 
Pt catalysts were prepared by pyrolysis of as-synthesized Ce-benzene 
tricarboxylate (Ce-BTC) or Pt@Ce-BTC [155] and ultrafast laser pro
cessing of Pt-encapsulated cerous metal–organic framework (Ce-MOFs) 
to obtain 2-nm Pt NPs on defective 5-nm CeO2 NPs [156] (Fig. 6). The 
benefits are imposed by the MOF-derived hierarchical structures 
retaining MOF morphology while preventing migration and aggregation 
of the Pt NPs along with their uniform distribution within the ceria 
matrix. Moreover, the obtained composites demonstrate rather high 
stability in the oxidation of CO and toluene. However, the effects caused 
by the high-energy treatments on the surface features and states of both 
Ce and Pt should be further clarified. The activity response to changing 
parameters of treatment procedures can be also revealed. Recently, the 
effect of structural isomerism was revealed in Ce-BTC MOF [157], and Pt 
NPs were loaded on two topologically different Ce-BTC featuring the 
same ligands and metal sites. Tetragonal Ce-BTC framework irreversibly 
transformed to monoclinic isomer upon water soaking treatment. The 
Pt/CeO2 composite derived from tetragonal Ce-BTC featured a higher 
amount of Pt0 and smaller Pt NPs to ensure high CO oxidation activity. 

The Pt@CeBDC MOF was used to prepare the 1D nanostructure of 
Pt@CeO2− BDC catalyst for toluene oxidation [158], with 2-nm Pt 
clusters being located on the polycrystalline ceria. The composite 
feature increased number of oxygen vacancies. Fig. 7 shows the sche
matic of Pt@CeO2− BDC formation as well as the morphology of the 
obtained samples. The peculiarities of the catalyst surface allow 
changing of the reaction mechanism from the Langmuir-Hinshelwood 
mechanism at low temperatures to the Mars-van Krevelen one as the 
temperature increases. 

The functionalized MOFs were shown to demonstrate improved 
performance. Thus, the highly dispersed Pt particles with sizes below 1.5 
nm were formed over mesoporous ceria due to the coordination of Pt 
ions with amino groups in NH2-Ce-MOFs [159]. The NH2 groups facil
itated the formation of Pt-CeO2 interfacial sites (including the surface 
peroxo species) during the Ce-BDC transformation to CeO2. However, 
the exact mechanism of NH2 contribution can be further clarified. 

Thus, the Ce precursor is no less important than the Pt one, since it 
affects the structural and textural properties of the ceria formed during 
the catalyst preparation. At the same time, there is a lack of information 
on the mechanisms of transformation of Ce precursors (especially, for 
the case of MOF-derived composites) into CeO2 with the desired fea
tures, while understanding of these regularities can be used in pur
poseful design and synthesis of ceria supports. The role of 
functionalization of Ce-based MOFs on dispersion and stability of Pt 

species can also be thoroughly investigated. The nature and structure of 
the formed surface CeOx complexes existing in the proximity with Pt 
species also remain poorly described. 

The overview of the literature in the field of preparation of Pt–CeO2 
composites by both chemical and physical methods shows that different 
approaches exist to control the Pt size and state, catalyst morphology, 
MSI, and other factors that show a significant effect on their catalytic 
performance. The treatment conditions (temperature and atmosphere) 
play important roles in the formation of ceria-bound Pt species. The 
features of catalyst preparation influence on the catalytic properties in 
such important environmental processes as CO oxidation, VOCs abate
ment, reduction of nitroaromatic compounds, and dry reforming of 
methane. 

3. Pt-related factors 

Usually, Pt is the active component of Pt/CeO2 catalysts, while in 
minor catalyst formulations (e.g., ceria-supported Ni-based DRM cata
lysts) it rather acts as a promoter. Several Pt-related factors significantly 
affect the performance of such catalysts in environmental applications. 
Among these factors are size, shape, dispersion, and the state of Pt. The 
Pt precursor is of profound importance to obtaining Pt species with 
desired features. 

3.1. Pt size and shape 

For supported metal catalysts, the size of metal moiety usually plays 
a crucial role in the catalyst performance. The environmental Pt/CeO2 
catalysts for various processes feature the Pt size effect, and three main 
types of species usually coexist: (1) isolated single-atom Pt species, (2) Pt 
nanoclusters, and (3) Pt nanoparticles. The sizes of single-atom species, 
clusters, and nanoparticles can be ranged around 0.1 nm, 1− 5 nm, and 
above 5 nm, respectively [160]. Not only do these species differ in 
intrinsic activity, but also in selectivity and physical-mechanical prop
erties (especially, catalyst stability), and exarticulation of their perfor
mance in terms of activity and/or selectivity is a challenging task. 

The size and shape of Pt species interacting with ceria support 
contribute to such important features as interfacial perimeter length 
[161], charge transfer, the chemical composition of the interface, and 
the strength of the metal–support interface. At the final end, these fea
tures affect the binding energies of the substrates, the potential number 
of molecules that can be bound and converted by such surface, and the 
mechanisms of the reactions considered. It is noteworthy that even if one 
prepares the single-atom Pt–CeO2 catalyst, it is not in every instance that 
such a catalyst will exhibit higher activity in a certain reaction as 
compared to the counterparts based on Pt clusters or larger nano
particles (Table 1). While cooperation of the single-atom sites closely 
located on the catalyst surface provides the enhanced catalyst perfor
mance, still such systems suffer from the impact of reactive atmospheres, 
and the approaches providing the precise design of such composites with 

Fig. 6. Schematic of the laser-induced formation of defective CeO2 supported Pt nanoclusters. Reproduced with permission from Ref. [156]. Copyright Wiley-VCH.  
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a given size, morphology, and stability remains challenging. 

3.1.1. Single-atom Pt 
Recently, an interest arose in the isolated single-atom configurations 

(Fig. 1) that could ensure high catalyst activity along with high Pt effi
ciency [162]. Fig. 8 shows the typical HAADF-STEM images of the 
single-atom Pt/CeO2 catalysts and those utilizing Pt clusters. 

Single-atom environmental Pt/CeO2 catalysts were prepared by a 
number of techniques, including atomic layer deposition (ALD) [163, 
164], high-temperature vapor-phase atom trapping [165,166] as well as 
more traditional and less resource-consuming wet impregnation [167, 
128] and coprecipitation [168,169] techniques. Small Pt loadings usu
ally ensure high dispersion of Pt species, if appropriate catalyst pre
treatment conditions are employed. Among such conditions are the 
temperature of reduction under hydrogen atmosphere [74,145], calci
nation temperature for the support or/and catalyst [99,169], 
high-temperature steam treatment [97], and their combinations. Atomic 
size and homogeneous distribution impose enhanced reactivity of the 
Pt1 species caused by their electronic structure. In particular, the 

increased low-temperature CO oxidation activity and high hydrothermal 
stability were achieved by steam treatment activation at 750 ◦C of 
atomically dispersed ionic Pt supported on the thermally stable ceria to 
organize a new type of active sites in the proximity of Pt2+ species stable 
up to 800 ◦C under oxidizing environments [97]. 

Although physical approaches provide the opportunity to “put” the 
Pt atoms into the “right” position on the ceria surface, still they are 
rather expensive and require advanced equipment as compared to 
traditional approaches. At the same time, conventional techniques are 
more relevant to industrial catalyst preparation methods, while their 
limitations make the performance of single-atom configuration less 
efficient. Thus, it is of importance to develop a balanced approach to the 
preparation of the single-atom catalysts that collocate the advantages of 
the abovementioned approaches. The recently developed approaches to 
synthesize single-atom Pt species utilizing the MOF-derived ceria sour
ces (e.g., [156]) can be considered promising for the production of new 
generations of environmental Pt/CeO2 catalysts. 

Since the small Pt loadings are usually used in single-atom catalysts, 
the most experimental techniques cannot detect and characterize the 

Fig. 7. (a) Schematic drawing of Pt@CeBDC transformation into Pt@CeO2− BDC during heat treatment in air. (b and c) TEM micrographs of Pt@CeBDC MOF 
showing (b) the morphology, and (c) deposited Pt clusters. (d and e) Atomic force microscope image of Pt@CeBDC MOF showing (d) the morphology with an inset of 
the cross-section profile, and (e) Pt clusters on the surface with an inset of Pt cluster size distribution. (f and g) TEM micrographs of Pt@CeO2− BDC derived from 
Pt@CeBDC MOF displaying (f) the morphology, and (g) Pt clusters (indicated by arrows) and mesoporosity with a high magnification inset revealing atomic details of 
a Pt cluster and CeO2. Reproduced with permission from Ref. [158]. Copyright American chemical society. 
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nature and behavior of surface Pt species. Theoretical approaches 
became helpful to provide new insights into the state of active surface 
sites and overcome the limitations of the experimental techniques in the 
characterization of materials and reactions related to environmental 
catalysis. The Pt–CeO2 interfaces, including single-atom configurations, 
are actively studied with theoretical methods [e.g., 170,171], and those 
approaches usually employed for metal-doped ceria (e.g., Cu/CeO2 [43], 
Ag/CeO2 [172]) are in use. Correct calculation and interpretation of 
cerium states and ceria surface species as well as proper selection of 
calculation methods are considered. Currently, hybrid functionals and 
the DFT + U approach are actively used [173]. 

Among the key research directions for environmental single-atom 

Pt/CeO2 catalysts is the revealing of the nature of stability of Pt spe
cies towards coalescence to clusters, agglomeration to NPs, and subse
quent sintering. The approach to determine the thermodynamic stability 
of ceria-supported single-atom and nanoparticle platinum in the pres
ence of substrates at the given conditions was proposed [174]. The Pt 
doping to (111) ceria surface provided high CO oxidation turnover rate 
due to the strong CO binding to single-atom Pt species over stoichio
metric ceria or Pt1O over step-edge sites (Fig. 9). High Pt-O-Ce distortion 
was obtained for Pt1-CeO2(100) [175] and was considered the reason for 
improved thermal stability along with the enhanced adsorption capacity 
towards O-containing substrates. 

The substitution of lattice Ce ions by single-atom Pt species was 

Fig. 8. Structural morphology for surface supported Pt cluster and atomically dispersed supported Pt catalysts. Reproduced with permission from Ref. [61]. 
Copyright American Chemical Society. 

Fig. 9. Pt SAs located at a CeO2(111) step before (a) and after (b) O2 dissociation, and (c − f) doped into the CeO2(111) surface (color code: white, Ce; gray, 
irrelevant O; red, relevant O; black, C; blue, Pt). (g) Ab initio-determined phase diagram of the Pt-doped CeO2(111) surface. Reproduced with permission from 
Ref. [174]. Copyright American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

M.A. Salaev et al.                                                                                                                                                                                                                               



Applied Catalysis B: Environmental 295 (2021) 120286

16

shown to be thermodynamically stable [176], and the species were 
found to be the electron donor/acceptor in the redox processes. Oppo
sitely, the Pt1 species were also found unstable [177] and preferably 
substituted Ce atoms rather than were attached to the CeO2(111) sur
face. Recently, it was also reported [164] that the stability of 
single-atom Pt1/CeO2 catalyst with nanorod morphology can be tuned 
by the ceria defect sites, metal loadings, and high-temperature calcina
tion at 600 ◦C. The ceria-supported single-atom Pt species predomi
nantly existed as Pt2+ state at the defect and step edge sites, while Pt4+

states were formed on terrace sites. 
Nevertheless, despite thorough discussion, the stability of the single- 

atom Pt/CeO2 catalysts remains a debating issue, and the synthetic ap
proaches that can improve this parameter are of particular interest. The 
range of parameters that can affect the stability should be widened, and 
their relationships can be further modeled. 

The surrounding of the single-atom Pt species ensuring their coor
dination is also of particular importance. Lattice distortion caused by the 
electronic structure of the dopant affected the Pt segregation [178], with 
the O vacancies forming at the segregated surface in the vicinity of the 
interfacial Pt atom. The formation of grain boundaries near the nano
crystalline ceria surfaces resulted in Pt trapping out of the grains that 
suppressed their accumulation on the surface under O-lean conditions. 
Six oxygen atoms coordinated with the Pt1 site [177]. The square-planar 
structure was also found preferable when a single oxygen vacancy was 
created [179]. The model comprising Pt-passivated ceria (100) surface, 
where Pt atoms occupied hollow sites and coordinated with four oxygen 
atoms, adequately described the Pt charge states in the single-atom 
catalysts [168]. Metal dispersion in the form of single atoms on the O4 
ceria sites was energetically favorable for the formation of metal NPs 
[170] to result in rather stable sintering-resistant adsorption complexes 
on the nanoparticulate oxide. For the row of M-doped (M = Pt, Pd, Ni, 
Cu) ceria NPs, the energetics of the surface reactions was shown to be 
controlled by both surface position and coordination of dopants. The 
Ce4+ substitution by Pt was favorable for bulk positions within the 
unreduced ceria NPs. In the most stable surface position, Pt was 
agglomeration-resistant and featured high dispersion [180,181]. 

Another crucial point is the “optimal” distances between the isolated 
single-atom species and/or surface defects and/or promoters/modifiers 
on the support surface. Indeed, if the Pt atoms are too distant from or too 
close to each other, there can be a place for processes leading to 
nonselective transformations that include but are not limited to (1) 
formation of the large surface area not covered with active Pt species, (2) 
complete coverage of the Pt species by several substrate molecules and/ 
or products of their conversion, (3) rearrangement of the surface defects 
that is crucial for those processes where ceria and Pt activate different 
reagents (e.g., CO2 conversion [61], tandem catalytic reactions [182]), 
(4) close proximity (<1.5 nm) of Pt atoms resulting in multi-atom en
sembles that compete with the single-atom configurations in activity 
(and it is difficult to exarticulate the own activities of single-atom spe
cies and such ensembles). Thus, the development of synthesis strategies 
that allow a homogeneous distribution of single-atom Pt species 
accompanied by the organization of the tailor-made surface defects is 
still challenging. 

The Pt size dependence of the catalyst performance was shown for 
Pt/CeO2 catalysts in several environmental reactions. For instance, for 
selective hydrogenation of p-chloronitrobenzene (p-CAN) [128], the 
selectivity towards p-CAN featured a volcano-type dependence on the Pt 
loading. At Pt loadings of 3 wt%, the p-CAN selectivity decreased sim
basically with the Pt particle size. The reverse selectivity increase was 
observed during the subsequent reduction of the Pt loading. Both 0.3 % 
Pt/CeO2-SAC and 0.6 % Pt/CeO2-SAC catalysts featuring atomically 
dispersed Pt exhibited ~100 % selectivity to p-CAN under these condi
tions. The latter sample possessed a superior activity implying 100 % 
atom utilization efficiency that could be obtained over this single-atom 
catalyst. Electrostatic repulsion between the nonbonding Cl orbitals and 
predominant Pt orbitals with steric hindrance suppressed the 

dehalogenation. 
The superior performance of single-atom configuration as compared 

to Pt clusters was also demonstrated for Pt/CeO2 catalysts for CO2 
reduction [61]. The 0.05 wt%Pt/CeO2 catalysts showed a 7.2 times 
higher CO2 reduction rate as compared to nanoclustered counterparts. 
Thermal stability was observed at 500 ◦C. Ceria activated CO2 molecule, 
while Pt contributed to H2 dissociation. Single-atom configuration 
allowed restricting hydrogenation reactions and preventing CO 
poisoning. Fig. 10 shows the difference in the reaction mechanisms for 
single-atom and cluster configurations. 

The relationship between Pt dispersion and catalyst reactivity was 
also considered for CO oxidation and was clearly observed at high CO 
concentrations in the feed [100]. The low and high CO concentrations 
were converted on the active sites with low and high activation energy. 
High Pt dispersion was assumed to compensate high activation energy of 
the catalyst. 

When discussing the activity of the single-atom Pt species it is also 
necessary to bear in mind that in real catalysts these species can coexist 
with larger Pt aggregates (i.e., clusters and/or particles), and accounting 
for their combined effects is rather important to receive new insights on 
the mechanism that facilitate dispersion or prevent sintering and ag
gregation and ensure higher catalyst stability. These crucial issues can 
be clarified by applying precise surface models in combination with 
advanced surface science techniques (e.g., EXAFS, XANES, HAADF- 
STEM, aberration-corrected scanning transmission electron micro
scopy (AC-STEM), high-pressure scanning tunneling microscopy (HP- 
STM), etc.). 

3.1.2. Pt clusters 
Contrary to the single-atom species, Pt clusters feature a larger 

number of atoms that impose different properties, in particular, the 
more metallic nature of the adsorbed Pt species. The diverse cluster 
structures demonstrating different performance can be formed for an 
equal number of Pt atoms, and such a performance becomes a function 
of structural peculiarities, order, and coordination of Pt atoms in the 
cluster. The particle–support interfacial perimeter length also becomes 
higher in the case of clusters. When Pt exists in cluster states, it tends to 
feature a positive charge. The modern preparation techniques do not 
allow synthesizing the ceria-supported Pt clusters with the given number 
and arrangement of atoms. Moreover, the organization of such clusters 
on the ceria surface is also challenging since the compatible defect 
structure should be organized as well. 

The Pt clusters were studied both experimentally and theoretically. 
Recently, particular attention was given to growth trends of Pt clusters 
[183], cluster reactivity in NO adsorption and reduction [184], CO 
adsorption and oxidation [101,185,186] as well as strong MSI [183,187, 
188]. 

The growth trends and morphology evolution for the Pt cluster 
remain debating. For PtN clusters (N = 1–10) supported on CeO2(111), 
the 2D planar structures were formed up to Pt8, while 3D clusters were 
formed further [183]. The CeO2(111)-supported Ptn (n = 5–13) clusters 
formed a 2D morphology for n = 5 and a 3D morphology for n≥6, with 
the 3D tri-layer structure formed when n≥10 [187]. The relative frac
tion of the clusters per each morphology type was estimated. For 
Ptn/CeO2(111) (n = 3–6), the metal–support interface and cluster 
morphology was shown to determine the charge transfer, cluster binding 
with the substrate, and the degree of ceria reducibility [188]. Reverse O 
spillover changed from highly endothermic to exothermic. 
Ceria-supported Pt6 clusters were found resistant to sintering. 

The reactivity of the PtOx clusters over Pt4Ox clusters and single Pt 
atom (Pt1Ox) supported on CeO2 (110) model surface was discussed in 
CO oxidation reaction [101]. CO adsorption decreased as the amount of 
coordinated oxygen increased. The interfacial oxygen of PtOx facilitated 
the CO2 formation. 

It is noteworthy that the shape and morphology of Pt clusters are 
greatly affected by the state of the support surface and can be 
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additionally tuned by other catalyst components. The support features 
surface defects (i.e., oxygen vacancies, steps, and other point defects) 
that generally behave as active sites. Such defect structure can be 
organized at the stages of catalyst preparation and/or treatment as well 
as upon the catalyst interaction with the reaction reagents, in
termediates or products. Thus, the particular mechanisms of Pt cluster 
nucleation and growth on specific support surfaces should be revealed 
given the peculiarities of the surface arrangement of atoms in the sup
port and cooperative action of surface defects in these processes. 

Substrate binding was shown to affect both structure and stability of 
small Pt clusters over CeO2(111). Thus, CO coverage resulted in the 
decomposition of Pt clusters to Pt, Pt0(CO), and/or Pt2+(CO)2 species, 
with the first two processes being endothermic and energy neutral, 
respectively [185,186]. The latter species were formed if the support 
comprised small ceria NP providing low-coordinated O sites and 
reducible Ce4+ sites. High CO coverage depleted the occupied 5d PDOS 
close to the Fermi level and appearance of new states. The d-band center 
in all systems shifted to lower energies indicating the reduction of Pt 
reactivity upon CO adsorption, with linear CO adsorption to a single Pt 
atom as well as bridge adsorption between two Pt atoms for larger 
systems being the most stable adsorption sites. 

Few efforts were given to understanding the Pt cluster segregation 
and coalescence. The activation energies for these processes in the air 
reflected strong Pt anchoring on ceria under reducing atmosphere [189]. 
The cluster became mobile only above 900 ◦C. Thermal treatment 
conditions determined the nature of the segregated Pt particles. The 
Ce21O42-supported mononuclear Pt species and their stability upon 
reduction or oxidation were described [179], with Pt2+/CeO2(100) 
being the most stable system found. For the case of mononuclear Pt 
species at CeO2(111), the exothermic agglomeration of Pt clusters was 

proposed. 
Although many informative and reliable models were proposed to 

reflect the Pt–CeO2 interactions and their roles in catalytic conversion of 
various VOCs, the main drawbacks of such models are connected with 
the fact that they represent the “gas phase” interaction of Pt and ceria 
moieties, while many physical phenomena arising from the interaction 
of Pt atoms and clusters with ceria surface are not considered. In 
particular, the restructuring of ceria surface induced by “immersion” of 
Pt adatoms or clusters is usually poorly discussed, while accounting for 
such a phenomenon would allow describing in more details the charge 
transfer processes and the features of the interfacial perimeter. It is also 
noteworthy that the adsorbate-induced restructuring of Pt species de
pends on the size of the adsorbate molecule and is usually not taken into 
account. 

3.1.3. Pt nanoparticles 
Contrary to single-atom and cluster configurations, the Pt NPs 

feature a more metallic nature, high impact of bulk properties, the facets 
consisting of a larger number of atoms, and collective effects of coor
dinated atoms. The mass and size of the NP are much higher implying 
the opportunities for the Pt/CeO2 system to feature several types of MSI 
effects. Large Pt NPs can possess many geometries, atomic coordination 
of grains, and defects. These aspects can contribute to the overall cata
lyst performance, while it is still challenging to exarticulate the effects 
originating from different moieties. Different Pt content in NP, cluster, 
and single-atom configurations also imposes the difference in the 
intrinsic activity of the species as well as different Pt metal efficiency. At 
the same time, in the case of large nanoparticles, reduced catalytic ac
tivity can be observed that can be connected with the lower free surface 
energy and more ordered structure of the NPs [190]. The crucial role of 

Fig. 10. Proposed reaction mechanism on Pt/CeO2. Illustration of reaction mechanism of 2 Pt/CeO2 (pathway 4a) and 0.05 Pt/CeO2 (pathway 4b) for CO2 
reduction. Reproduced with permission from Ref. [61]. Copyright American Chemical Society. 
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the metal NPs in CeO2 reduction was also proposed [191], with the high 
effect being achieved over bimetallic Au0.8Pt0.2 NPs. The charge transfer 
effect from the NPs to ceria was observed similar to the case of 
ceria-supported metal clusters [192]. The different electronegativity of 
Pt NPs and oxygen atoms in ceria was assumed to be the reason for such 
processes. 

The Pt NP size effects were shown in Pt/CeO2 catalysts for several 
reactions. In particular, in toluene oxidation [115], the Pt NPs (1.3–2.5 
nm) facilitated the ceria reducibility and the formation of surface oxy
gen vacancies, with the latter being shape-dependent and controlling the 
reaction rate. Simultaneously, more Pt–O–Ce bonds and Ce3+ species 
were formed. The Pt particle size contributed to the reaction rate, and 
complete conversion was achieved in the presence of water vapors. 

The aggregation of Pt particles was considered. Thus, the interpar
ticle coarsening of ceria-embedded or -loaded Pt particles at elevated 
temperatures was discussed, with significant suppression of migration 
and coalescence of Pt NPs taking place in the embedded structures up to 
450 ◦C [129]. The conversion efficiency of p-nitrophenol with NaBH4 
was >70 %, with the 7.8-time activity increase as compared with the 
commercial Pt/C system being observed. The aggregation and formation 
of Pt NPs were shown to mostly occur over CeO2(111) surface [193] (in a 
row of (100), (110), and (111) surfaces). 

The growth of Pt NPs during the catalyst aging also caused attention. 
Thus, for the aged diesel oxidation catalyst, the origin of anomalous 
growth of Pt particles imposed by accelerated catalyst aging was con
nected with the vapor-phase PtO2 transport under oxidizing conditions 
[194], with ceria being capable of trapping the Pt ions to suppress such 
transport. 

Recently, to improve the high-temperature stability of the Pt/CeO2 
catalysts and to suppress the agglomeration and migration of supported 
NPs during the CO oxidation, the Pt/CeO2/NiAl2O4/Al2O3@SiO2 com
posite was fabricated [195]. The stability of microstructure up to 1000 
◦C was shown to be caused by the “confinement” effects related to en
ergy traps. 

Despite thorough investigation, the catalytic performance of the 
ceria-supported Pt NPs can be further developed in more details. In 
particular, the mechanisms of particle sintering, restructuring or rear
rangement on the surface should be additionally studied. Currently, it is 
not unambiguous how and why the processes of particle agglomeration, 
coalescence, sintering, restructuring, and rearrangement occur on the 
catalyst surface. Among the opened questions are also the mechanisms 
of formation of Pt species on the defect-rich ceria surface, where the 
surface can behave as a template for nucleation and growth of Pt 
component. The “optimal” size of Pt species also remains debating. 
Understanding such phenomena will allow preparing the catalyst with 
the desired features. Moreover, the intrinsic catalyst activity calculated 
per Pt loading is often omitted, while the observed catalyst performance 
is assigned to the whole catalyst. Shape-dependent behavior of CeO2- 
supported Pt NPs can also be elaborated given the ceria facet defects. 

3.2. Pt state 

The states of Pt in the Pt/CeO2 catalysts are actively discussed. 
Basically, three main Pt states are considered, namely, Pt0, Pt2+, and 
Pt4+. The Pt2+ and Pt4+ can be formed due to the distortion of the ceria 
surface to become dominating species localized in the single-atom state 
or as ceria-supported PtOx clusters controlling the redox properties of 
the catalysts, with the former species showing higher stability [169]. 
The Pt2+ species is usually four-coordinated. Although Pt4+ species can 
be organized on the ceria surface, it is usually reduced into Pt2+ species 
upon calcination. The coexistence of monodispersed Pt2+ and Ptδ+

species along with metal Pt clusters occurred at the step edges [196]. 
Reduction of surface O concentration or increasing in the Pt loading 
hindered the Pt–O charge transfer while facilitating the Pt–Ce charge 
transfer (Fig. 11). 

For the single-atom CO oxidation catalyst, the Pt oxidation state was 

shown to be different over different terminations. For the cases of (111) 
and (100) planes, the Pt4+ oxidation state existed due to Ce4+ substi
tution, and a planar Pt2+ state was formed over (110) grains through the 
spontaneous formation of the surface peroxide species [176,197]. 

It is noteworthy that oxidized Ptδ+ states can be formed on the sur
face PtCeOx solid solutions and/or PtOx clusters [76] in the catalysts 
prepared using pulsed laser ablation (PLA) in alcohol and water media. 
The roles of the Pt0 and partially oxidized Ptδ+ species in CO oxidation 
were differentiated, and the species were active in low- and 
high-temperature processes, respectively [198]. A higher fraction of 
partially oxidized Pt species also ensured high Pt dispersion and 
improved catalyst activity. 

For Pt/Al2O3- and Pt/CeO2-based CO oxidation catalysts, the Pt 
oxidation state correlated with the ceria redox features, and slight sin
tering of the Pt particles was favorable for the formation of the Pt–ceria 
interface. Spatially resolved operando high energy resolution fluores
cence detected X-ray absorption near edge structure (HERFD-XANES) 
technique coupled with CO concentration gradient profiles along the 
catalyst bed showed the importance of the Pt–CeO2 perimeter sites that 
overcame the CO self-inhibition effect at low temperatures [199] 
(Fig. 12). 

Most recently, the effect of Pt loading on the Pt state and derived low- 
temperature CO oxidation activity was demonstrated [200]. The high Pt 
content was expressed as dispersed Pt2+ and Pt4+ states that facilitated 
the oxygen release and reduced the light-off temperature. The 8%wt and 
20 %wt Pt samples were active below 0 ◦C, while the one with 1%wt Pt 
content was active only above 100 ◦C (Fig. 13). The low-temperature 
activity was caused by the impact of O2 and CO molecules weakly 
adsorbed on PtOx sites. 

At the same time, to determine the exact state of Pt species one 
should not rely only on the C–O vibrational frequencies [201], and a 
complex of modern physical-chemical studies and advanced theoretical 
approaches should be used. The nature of the partially oxidized Pt 
species can be additionally studied to reveal the degree of oxidation that 
is “optimal” for specific reactions. 

4. Ceria-related factors: morphology effect 

In Pt/CeO2 catalysts, ceria is usually used as a support, while in some 
applications it rather performs as a promoter or modifier. It is note
worthy that ceria is not inert to the components of the environmental 
catalytic reactions due to the developed surface area and defect struc
ture as well as the presence of the reactive surface species. The literature 
overview allows highlighting the following recent ceria-related factors 
in Pt/CeO2 systems: (1) ceria precursor, (2) morphology of ceria parti
cles, including facet-dependent performance. 

The morphology–performance relationship of ceria was considered 
in several environmental catalytic reactions and energy applications 
[202]. A number of ceria morphologies were detected, including 
open-ended ceria hollow fibers [203], rod [72,204], cube [66,205], 
octahedral [102], highly porous CeO2 hollow sphere [69], disk-like 
[131], microsized mesoporous ceria [205], nanobelts (as a component 
of 2 wt%Pt/CeO2/Bi2WO6 composite) [206], etc. 

In several environmental reactions, the nanorod-based samples 
demonstrated superior performance. For CO oxidation, the Pt catalysts 
supported on nanorod-based ceria were found more active as compared 
to nanocube and nanooctahedral morphologies due to the formation of 
surface carbonate species with low stability at the reactive planes of 
nanorods (Fig. 14). 

For toluene oxidation, the nanorod-based catalyst showed the 
highest activity as compared to nanocubes and NPs [66] caused by a 
higher concentration of oxygen vacancies that also controlled the re
action rate. The Mars-van Krevelin reaction mechanism was proposed 
[207] (Fig. 15). The mechanism included benzyl radical transformation 
into benzaldehyde that further converted into formate through benzoate 
species, and finally completely oxidized to CO2 and H2O. The benzyl 
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species were formed upon C–H bond breakage in the methyl group 
during the toluene adsorption on the catalyst surface. The 
platinum-ceria interaction facilitated the desired transformations. 

The Pt catalysts supported on nanorod ceria were also subjected to 
dielectric barrier discharge plasma to reduce the T90 % value, increase 
Pt dispersion as well as concentrations of oxygen vacancies and Ce3+

sites [72]. Toluene conversion was stable for 50 h under 9.6 vol% water 
vapor. Plasma treatment contributed to the organization of the surface 
morphologies and defects and facilitated the surface MSI [114]. 

For the NOx storage-reduction Pt/BaO/CeO2 catalysts, the rod-based 
specimen was superior to those based on cube and particle morphologies 
[208]. At GHSV = 360,000 h− 1, ~99 % NOx conversion was achieved at 

Fig. 11. Evolution of Pt2+ and Pt0 SRPES signals during deposition of Pt on CeO2(111) and annealing of Pt in O2. Reproduced with permission from Ref. [196]. 
Copyright Royal Society of Chemistry. 

Fig. 12. (A) HAADF-STEM image (A) and EDX map (B) of CeO2-Al2O3 reveal the presence of ceria NPs (3-5 nm) on the alumina support. HAADF-STEM image (C) and 
EDX map (D) of Pt/CeO2-Al2O3 show again ceria NPs in the range of 3-5 nm. In addition, they identify Pt to be in a highly dispersed state and in intimate contact with 
ceria. XRD patterns (E) confirm the presence of ceria as small crystallites (broad reflections) and the absence of Pt reflections. Reproduced with permission from 
Ref. [108]. Copyright American Chemical Society. (B) Dominant CO oxidation reaction pathways for Pt/CeO2 and Pt/Al2O3 at a) low temperature and b) high 
temperature. Reproduced with permission from Ref. [199]. Copyright American Chemical Society. 
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200− 400 ◦C. For this catalyst, the NOx storage capacity linearly 
depended on the concentration of oxygen vacancies [209]. The 
nanorod-based PtRh/CeO2/Al2O3 three-way catalyst prepared by the 
hydrothermal method also showed high performance [210] that was 
caused by the formation of hollow ceria nanorods coated with nano
particle arrays (2− 5 nm) that served as selective supports for metals on 
ceria surfaces. 

The Pt nanocrystals embedded into mesoporous ceria nanorods for 
CO2 reduction with methane using focused solar light were fabricated 
[211]. Interfacial oxygen species impacted into CH4 dissociation and 

oxidation of intermediate CHx species over both ceria and Pt particles, 
with the reverse oxygen spillover occurring in the latter case. Simulta
neously, Pt NPs participated in CO2 dissociation to yield oxygen species 
migrating to ceria via oxygen spillover. 

Thus, the nanorod-based systems showed high catalytic activity in 
several reactions. Still, the mechanisms determining the enhanced per
formance of such systems in the formation of surface ceria defects (first 
of all, oxygen vacancies) should be additionally elaborated given the 
possible contribution from the adjacent nanorod CeO2 particles. 

Recently, the support morphology effect on the states of Pt and Ce 
during CO oxidation was discussed [212]. While Pt/CeO2 nanowires 
ensured the formation of higher content of Ce3+ and atomically 
dispersed Pt species, the nanocube-based system featured a higher 
impact of Ptδ+ species. The former morphology ensured stronger MSI, 
while the latter controlled the Pt particle size and availability of surface 
oxygen species. 

For the Pt-embedded highly porous CeO2 hollow sphere composites 
with the controlled position, distribution, and uniformity of Pt NPs, the 
morphology effects inhibited aggregation of NPs over the external shell 
of the ceria hollow spheres. The self-assembly-reduction-Ostwald 
ripening evolution mechanism involving the formation of oxygen va
cancies and activation of surface chemisorbed oxygen was proposed [69, 
213]. 

Fig. 13. Temperature dependence of CO conversion for Pt/CeO2 catalysts with 
different loading. Reproduced with permissioan from Ref. [200]. Copy
right Elsevier. 

Fig. 14. The effect of ceria morphology on the performance of Pt/CeO2 catalysts. Reproduced with permission from Ref. [102]. Copyright Royal Society 
of Chemistry. 

Fig. 15. Reaction mechanism of CO and toluene oxidation over the Pt–CeO2 catalyst. Reproduced with permission from Ref. [207]. Copyright Royal Society 
of Chemistry. 
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Strong support morphology effect was demonstrated in the NOx- 
assisted soot oxidation over ceria-supported Pt and Pt3Sn NPs stabilized 
by organosilane or organostannane, with ceria nanocubes showing the 
synergistic effect with Pt NPs [215]. Tin contributed to low-temperature 
oxidation reactions. A similar approach was used for the nanostructured 
ceria-praseodymia impregnated with Pt nanoparticles [214], and the 
presence of mixed Ce-Pr oxide ensured improved NO2 adsorption. The Pr 
effect prevailed the one of Pt. The synergistic effect of the nanocube 
morphology with the larger Pt NPs was assumed [215]. 

The core/shell and yolk/shell systems were proposed. The core-shell 
microporous ordered ZrO2-supported 3DOM Pt@CeO2-x composites 
were prepared by the co-precipitation method [216]. The 
reactant-catalyst contact efficiency was improved due to the 3DOM 
support structure, while the core-shell structure increased the number of 
accessible active sites. Larger shell thickness caused lower catalyst ac
tivity. However, the question of the structure of the formed interfaces 
and uniformity of ceria shell distribution over Pt core remains unclear. 
The diffusional limitations that can take place under conditions of high 
space velocities should be also taken into account. 

The (metal yolk)/(porous ceria shell) nanostructures for plasmonic 
catalysis under visible light with controlled shell thickness and metal 
yolk composition and size by heterogeneous growth of ceria on porous 
metal NPs followed by their calcination-induced shrinkage were ob
tained [217]. Monometallic Pt and bimetallic PtAg yolks were probed, 
with Ag incorporation resulting in enhanced visible light absorption of 
the yolk/shell nanostructures. 

To sum up, the morphologies of ceria and Pt/CeO2 catalysts on the 
basis thereof are diverse and complex and feature unique structural 
peculiarities defining their catalytic performance. The bulk properties of 
the ceria particles can affect the abovelying surface layers and physical- 
mechanical features of the whole catalyst grain. This aspect is frequently 
omitted, especially, when modeling the ceria morphology with theo
retical approaches. The joint cooperative influence of the adjacent sur
face defects (e.g., the particle edge and the neighboring oxygen 
vacancies) on the reaction pathways may also take place and requires 
additional studies. 

Morphological effects are also directly connected with the facet- 
dependent behavior [179,193,197,218]. The main facet-related as
pects that can be further elaborated include but are not limited to (1) 
size effect of facets related to the number of atoms forming the facets, 
including those forming the subsurface layer, (2) joint action of adjacent 
facets on large molecules, (3) joint catalytic action of similar or different 
facets of two or more separate particles of equal or different sizes. The 
atomic composition of these facets plays an important role in catalysis, 
and the “size effects” for the facets with a different number of atoms can 
be different (e.g., the (111) grains composed of 15 and 55 atoms will 
demonstrate different performance caused by the coordination of atoms 
at the top and the subsequent layers). The structural peculiarities of the 
ceria facets determine the state of the adsorbed Pt species. In the case of 
real environmental processes utilizing rather large substrate molecules 
(e.g., nitrophenol), different molecule moieties can be activated over 
adjacent facets of the particle due to the rapid chemical processes. This 
also relates to the probable joint participation of the facets belonging to 
two or more adjacent particles. Both aspects can be additionally 
elaborated. 

5. Modification of catalyst composition 

The features and performance of Pt–CeO2 catalysts in environmental 
catalytic reactions were also enhanced by applying supports and/or 
promoters. In a selection of cases represented, Pt or CeO2 were used as a 
second metal or promoter/modifier, respectively. 

5.1. Supports 

The supports based on silica, alumina, and other oxides are actively 

used to organize Pt–CeO2 composites on their surfaces. The recent 
research activity was concentrated on the testing of ordered supports, 
alloys, and mixed oxide systems. 

Various industrial and up-to-date research applications of silica- 
based supports attracted attention to the Pt–CeO2 systems on the basis 
thereof. Generally, in environmental catalytic reactions silica allows 
improving both catalyst activity and stability. To enhance the support 
effects, the catalyst composition based on either core-shell or ordered 
mesoporous silicas were introduced. 

In the core-shell-based catalyst formulations, the resulting compos
ites featured porous/hollow structure beneficial for diffusion of reaction 
components, while SiO2 shell effectively protected the catalyst [219] as 
well as afforded the high-temperature sintering resistance (up to 700 ◦C) 
with Pt NPs being self-assembled on 2-nm thick CeO2 nanowires [220]. 
The modified core-shell structure was also applied to composites for 
two-step tandem CO2 transformation into C2-C4 hydrocarbons (Fig. 16) 
[182]. In the latter case, the CeO2-Pt@mSiO2-Co composite was formed, 
where the Pt–ceria interface was responsible for CO2 and H2 selective 
conversion, while the Co–silica shell interface contributed to the sub
sequent Fischer-Tropsch process. The catalysts were stable for 40 h. 

Ordered mesoporous silica (mainly, SBA-16) was used as a support 
for gas-phase water-resistant formaldehyde elimination over Pt(0.7 wt 
%)/Ce0.68Zr0.17Bi0.15O2− δ(16 wt%)/SBA-16 composite [221] as well as 
in liquid-phase oxidation of phenol [222], 4-methylphenol [223] and 1, 
4-dioxane [224] over Pt/CeO2–ZrO2–SnO2/SBA-16 catalyst. The SnO2 
dopant enhanced the oxygen release and storage abilities of the support. 
Although high catalyst performance was mentioned, more information 
could be provided on the role and distribution of components in the SBA 
channeled structure or on the support external surface as well as on their 
particular interactions and the derived synergistic effects. It is not un
ambiguous whether the component distribution within the ordered 
structure to form “nanoreactors” [225,226] is equally beneficial for all 
types of reactions. The roles of support steric effects and other catalyst 
components should also be discussed in more details. 

Alumina-supported catalysts are widely used in environmental ap
plications due to diverse phase composition and pronounced surface 
properties. Organization of Pt–CeO2 interface on alumina was used in 
advanced diesel converters as well as in abatement of VOCs with 
different chemical composition and structure, including formaldehyde 
[119], toluene [227], dimethyl disulfide [228], n-butanol [229], 
dichloromethane [230], etc. 

In toluene oxidation, the Pt–CeO2 composites supported on 
γ-alumina allowed improving the dispersion of both Pt and ceria 
resulting in enhanced low-temperature component activities [113]. 
Moreover, a positive effect of plasma-assisted ultrasound irradiation on 
the surface morphology of Pt/Al2O3–CeO2 nanocatalyst was demon
strated [116]. The 3DOM (3-dimensional ordered materials) ceria 
structure in 0.27 Pt/3DOM 26.9CeO2–Al2O3 catalyst ensured higher 
activity as compared to samples utilizing Au, Ag, or Pd (Fig. 17) [227]. 

In formaldehyde removal, the use of AlOOH resulted in the RT ac
tivity of the as-prepared Pt/Al9Ce1 catalyst caused by a high content of 
surface hydroxyls, oxygen storage capacity of ceria, high Pt dispersion 
[119]. The reaction mechanism included formaldehyde oxidation into 
dioxymethane that can also isomerize to (HCOOH)ads and then interact 
with the active oxygen of ceria for complete decomposition. However, 
the phase transitions in the support and the roles of intermediate phases 
were poorly discussed. 

In CH3SSCH3 oxidation, the 1.12 %Pt/CeO2 and 1.20 %Pt/CeO2- 
Al2O3 catalysts showed T50 % values of ~300 ◦C and ~380 ◦C, 
respectively, at WHSV of 720 g gcat− 1 h− 1, with the tendency to deac
tivation observed for the latter sample [231]. The drawback of the 
catalyst was connected with the Pt involvement in SO3 production, with 
the latter interacting with water, active phase and/or support to produce 
H2SO4 and metal salts resulting in catalyst deactivation. At the same 
time, Cu- or Au-based samples were more active, and CH3SSCH3 reac
tion with the surface and/or bulk oxygen species enhanced the activity. 
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Later [228] the 5%Cu-0.3 %Pt/γ-Al2O3-CeO2 catalyst demonstrated 
improved CH3SSCH3 abatement activity (T50 %=~195 ◦C and T100 % 
= 262 ◦C, GHSV = 50,000 h− 1) accompanied by S tolerance and 
long-run stability for 1000 h. 

Alumina is also the main part of the advanced diesel oxidation sys
tems where platinum and ceria are dispersed over the support surface to 
form active ensembles. Generally, alumina provides the catalyst dura
bility and opportunity to control the acid-base balance, while a number 
of additives were also used to further improve the catalytic properties 
and textural features of the materials. In CeOx/Pt/Al2O3 catalysts for CO 
oxidation, the Pt NP reoxidation was considered the starting point of 
CO2 formation and the loss of Pt-bound CO that existed as linearly bound 
surface species even after the light-off [232]. The CeOx changed the CO 
adsorption properties over Pt sites. A dual CO light-off during the 
simultaneous oxidation of CO and C3H6 was reported [233], with C3H6 
intermediates inhibiting the CO oxidation. The formation of in
termediates was not suppressed by ceria that reduced the CO light-off 
temperature to a higher extent. 

Due to the effect of support and synergistic action of Pt and ceria, the 
Pt-CeO2/Al2O3 catalyst showed high NOx conversion above 400 ◦C for 
anaerobic feeds [234]. Ceria redox pathway showed a secondary effect 
on NOx conversion in O2 excess inhibiting NOx reduction above 400 ◦C. 
NOx and oxygen storages were crucial factors (Fig. 18). 

The alumina-supported Pt/BaO/CeO2 [235] and Pt/Rh/BaO/CeO2 
[236] lean NOx trap (LNT) catalyst for NOx storage and reduction with 
H2 or propene as reductants were proposed. The improved NOx con
version for cycle times below 10 s was achieved, while higher cycling 
frequency improved the site efficiency and decreased NH3 selectivity. In 
the latter case, the NOx conversion did not depend on the reductant used 
and was caused by improved NOx storage utilization. Hydrogen was a 
less effective reductant due to exothermic heat effects. Basically, the 
alumina support improved the deactivation resistance of the catalysts 
through several cycles. This was also mentioned for the system 
comprising the mixture of Pt-BaO/CeO2 and Cu/CeO2 composites [237, 
238]. The synergistic effect of both catalysts improved the 
low-temperature NOx removal efficiency during the lean-rich cycle 
operation. Under lean conditions, Cu/CeO2 was more active in NO 
oxidation that allowed rapid NOx storage over Pt-BaO/CeO2. Under rich 

Fig. 16. (a) HAADF-STEM imaging of CeO2-Pt@mSiO2-Co. (b) Elemental mapping of CeO2− Pt@mSiO2− Co with energy dispersive X-ray spectroscopy (EDS). 
Corresponding EDS elemental mapping for (c) Ce, (d) Pt, (e) O, (f) Si, and (g) Co, respectively. Scale bar: 20 nm. Reproduced with permission from Ref. [182]. 
Copyright American Chemical Society. 

Fig. 17. Toluene conversion as a function of reaction temperature over the as- 
prepared samples at SV = 20,000 ml g− 1 h− 1. Reproduced with permission from 
Ref. [227]. Copyright Elsevier. 
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conditions, the WGS reaction over Cu/CeO2 generated hydrogen that 
facilitated the reduction of NOx stored on Pt-BaO/CeO2 with improved 
N2 selectivity. The Pt–BaO–Cu/CeO2 catalyst prepared by Pt and Cu 
co-deposition on ceria was less effective. Nevertheless, the structure of 
the catalyst active sites remains elusive, and the mechanism of cooper
ative action of such sites can be studied in more details. The mixture of 
catalysts of different nature allows enhancing the performance, and, 
hence, other combinations can be envisioned. 

When speaking about alumina-based systems, it is noteworthy that 
some specific structural peculiarities (e.g., coordination of aluminum 
atoms) are most often not taken into account when discussing the 
support-related effects. The precursors of alumina (e.g., pseudobohe
mite [239,240]) also can be tested to prepare the alumina-supported 
catalysts with enhanced performance. 

Recently, more attention was also given to mixed oxide systems 
comprising ceria mixture with transition metal oxides (Ti, Zr, etc.). 
Thus, TiO2-CeO2 composition was investigated due to its high own ac
tivity in O-containing VOCs abatement. The Pt-based catalysts were 
tested in phenol oxidation [241], and high conversion and CO2 selec
tivity were caused by the small size of Pt particles or/and the presence of 
Lewis acid sites. In acetone removal [242], the 0.57 wt%CeO2-0.05 wt% 
Pt/TiO2 sample gave T90 % = 245 ◦C (1000 ppm acetone, SV = 40,000 
ml g− 1 h− 1), and the reaction proceeded through the substrate conver
sion into acetic and formic acids followed by the formation of carbonate 
species and resulting in total oxidation products. The 0.8 % 
Pd-Pt/CeO2-Al2O3-TiO2 catalyst completely converted 35 % methanol 
(1.0 vol.% CH3OH, 2.0 vol.% O2, GHSV: 35,000 h− 1) at 27 ◦C with the 
T50 % and T90 % values being 35 ◦C and 58 ◦C, respectively [243]. 

Most recently, Pt/CeO2–TiO2 catalysts prepared by modified 
ethylene glycol reduction method [244] showed improved activity in 
benzene and 1,2-dichloroethane degradation, and such an improvement 
was caused by the effect of reduced Pt size on the metal–support inter
action of PtOx species and CeO2–TiO2 mixed oxides. The sample with the 
smallest Pt size (1.53 nm) showed T90 % of 152 ◦C (1000 ppm, GHSV =
15,000 h− 1). Strong acidic sites were formed in the cases of larger Pt 
NPs. Nevertheless, the interplay between the oxygen vacancies and 
other surface defects (e.g., M3+ sites) of TiO2 and CeO2 can be addi
tionally studied to reveal the probable synergistic effects. The effects of 
Pt species on the formation of surface defects in mixed oxide support 
also require research attention. 

The CexZr1-xO2 system demonstrated high potential as a support for 
environmental applications (e.g., soot oxidation [245], oxygen storage 
materials for three-way converters [246]). Recently, a solvent evapo
ration–induced co-assembly process to prepare Pt/Ce0.8Zr0.2O2 catalysts 
with high surface area and large pore size using poly(ethylene 

oxide)-block polystyrene as a template (Fig. 19) [106]. The hydrolyzed 
hydrophilic inorganic Ce and Zr species can interact with the PEO seg
ments via hydrogen bonding, and the copolymers can give spherical 
composite micelles (that were further packed into face-centered cubic 
ordered mesostructures) composed of hydrophobic blocks as the core 
and inorganic species associated PEO segments as the shell. 

The core-shell type CeO2/ZrO2 support was proposed to reduce the 
Pt content in the exhaust gas catalyst [247]. Ceria formed a thin layer 
and aggregates over zirconia, while Pt concentrated at CeO2-rich sites. 
Macroporous Ce0.5Zr0.5O2 solid solution was also fabricated as support 
for Pd + Rh + Pt three-way catalyst [248] that exhibited ignition tem
perature for CO + NOx and C3H8 at ~240 ◦C and 270 ◦C (air rate = 200 
L/h, A/F = 14.0), respectively, with the maximal efficiencies for CO, 
NOx, and C3H8 of 100 %, 98 %, and 97 %. The Pt/CexZr1-xO2 composite 
was used in passive NOx adsorber applications [249]. CeO2 addition to 
zirconia improved low-temperature (<160 ◦C) NOx storage efficiency. 
An increase in CeO2 content resulted in the formation of a higher 
amount of nitrite species. The Pt-Pd-copromoted sample showed 
enhanced NOx adsorption-desorption performance. 

In Pt/CeO2-ZrO2/Al2O3 composites [250] zirconia and ceria inter
acted with alumina hydroxyls and Lewis acid sites, respectively. The 
isovalent Zr4+ cations partially incorporated into ceria lattice to form 
Ce1− xZrxO2 mixed oxide, while a part of zirconia also presented in a 
highly disordered amorphous form. This facilitated the low-temperature 
ceria reduction. Larger Pt◦ particles were formed over ZrO2/Al2O3. NO 
readily adsorbed over reduced Pt-based materials due to the promotion 
of NO disproportionation by metallic Pt. NOx was reduced in the pres
ence of H2. 

It is noteworthy that the CexZr1-xO2 composites usually feature 
composition-dependent performance, and a detailed analysis of the ef
fects of Ce/Zr ratios is required. Moreover, the calcination temperature 
can impose significant effects in such a mixed oxide system, and its in
fluence can be further elaborated. It is noteworthy that over reduced Pt/ 
CeO2-ZrO2 catalysts, the spillover of H species onto the support can 
occur even at room temperature [251]. 

The Pt–CeO2 composition was also anchored on a number of other 
supports such as Fecralloy 3D opened foam substrate to form CO 
oxidation [252] and methanol combustion [253] catalysts, BEA zeolite 
to prepare ozone-enhanced toluene decomposition catalyst [254], and 
carbon-based supports (graphene oxide (GO)/CeO2 nanosheets [120] or 
N-doped activated carbon [255]). The Fecralloy-based catalysts 
demonstrated stability against sintering and active phase reconstruction 
up to 800 ◦C [252]. The content and functional features of the support 
were responsible for the stabilization of active oxygen through the 
π-bonding [120]. However, the nature of active sites and features of 

Fig. 18. Three working mechanism possibly involved in the Di-Air system, and Fast and slow NOx or oxygen storage sites. Reproduced with permission from 
Ref. [234]. Copyright Elsevier. 
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surface ensembles remains unclear given the existence of several in
terfaces between the catalyst components. 

The nano-array monolithic catalyst comprised highly dispersed 
uniform Pt NPs decorated with ceria nanoflakes supported on 3D-chan
neled cordierite honeycomb substrates [105] as well as the Pt-CeO2 
[256] and 1 wt%Pt-incorporated CoOx-CeOx [257] composites sup
ported on stainless steel wire meshes to prepare the cartridges capable of 
simultaneous combustion of VOCs (n-hexane, acetyl acetate, and 
toluene) and soot were also proposed. The relationship between phase 
composition and catalyst performance should be further developed. The 
effects of support thermal conductivity on the catalyst performance can 
also be additionally studied. 

Thus, various supports for interacting Pt–CeO2 ensembles were 
proposed and showed a profound effect on the features of Pt and ceria 
species, including dispersion, the strength of interaction, etc. At the 
same time, the surface properties of these supports, namely, the 
involvement of the support-related surface species (e.g., hydroxyls), 
coordination of oxide-forming atoms, are often ignored when inter
preting the experimentally observed catalyst behavior. The structure- 
performance relationships should also be taken into account when 
dealing with the mixed oxide multicomponent composites. 

5.2. Promoters and modifiers 

The performance of Pt/CeO2 catalysts can be also enhanced by 
applying metal-based promoters and modifiers to form bimetallic ceria- 
based composites. Recently, Sn [94], noble metals (Au [258], Ag [259]), 
and transition metal compounds (Co [260], Ni [95], Mn [261,262], Eu 
[70], etc.) showed appealing activity. Tin destabilized Pt4+ cations and 
increased the content of lattice Ce3+ up to 50 at.% in the Pt/CeSnOx 
composites prepared by ceria modification using plasma-arc sputtering 
of active components (Pt, Ce, Sn) along with carbon from a graphite 
electrode in a helium environment [94]. The lanthanoid-based materials 
[70] effectively promoted Pt/CeO2 catalysts and affected the redox 
properties, concentration of lattice oxygen species as well as Ce3+ con
tent to increase the dispersion and activity of Pt active sites. 

The Fe-, Co- and Ni-modified catalysts possessed higher stability due 
to reversible compensation of the consumed oxygen species and 
strengthening of the MSI [95]. The bimetallic Pt-Ni-based composites 
showed superior activity as compared to monometallic counterparts in 

ethane and butane reforming [17,18], and the effect was caused by the 
synergistic action of metals as well as the existence of Pt–CeO2 interface. 
Recently, the hybrid architecture of a 0D/2D CeO2 quantum dot 
(QD)/porous NiO hexagonal nanoplate supported ultralow-content 
(0.08 wt%.) Pt was proposed [263]. The obtained composite denoted 
as Pt/NiCe4 was used in formaldehyde abatement and was superior to 
Pt/CeO2 and Pt/NiO. The NiO-deposited QD ceria morphology ensured 
higher exposure of active sites and contact of the components. The Ni 
insertion into the ceria lattice increased the amount of generated active 
oxygen species. Earlier [264] the NiO additive to Pt/CeO2-ZrO2/γ-Al2O3 
catalysts was shown to enhance oxygen release and storage features. 
Thus, for Ni-based composites, the catalyst performance was achieved 
by using Pt as a promoter or due to the specific ceria morphology or the 
use of additional supports and modifiers. A combination of these options 
can further improve the catalyst performance in certain reactions, 
including the DRM process. 

A series of core-shell Fe2O3@CeO2-Pt catalysts (Fig. 20) showing 
XCH4=~80 %, XCO2=~82 %, and YH2=~11 mmol g− 1 in the first cycle 
was prepared [265]. The DRM process was integrated into a chemical 
looping-based H2 production scheme. Under the process conditions, the 
Pt NP growth was observed. The PtOx–support interaction ensured 
redispersion of these NPs on ceria during the oxidative regeneration. 

It is noteworthy that the transition metals feature several oxidation 
states, and their probable simultaneous transitions in multicomponent 
systems should be taken into account for correct interpretations of the 
catalytic action and synergistic effects. Sophisticated surface science 
studies are required to detect such states and understand how the ratios 
between them affect the catalyst properties. The structure of solid so
lutions formed will also be of profound interest. 

Noble metals mostly affect the strength of Pt–CeO2 interaction as 
well as the reduction temperature, reoxidation ability, and availability 
of mobile oxygen species in ceria. Application of gold in Pt-Au/CeO2 
[258] and Pt-Au/TiO2-CeO2 [266] composites showed the opportunities 
for simultaneous room-temperature abatement of CO and formaldehyde 
caused by the effect of more negatively charged Pt NPs and Au+ species 
to yield chemisorbed oxygen. Water had a negative effect on the mixture 
conversion, while H2 promoted the co-oxidation of formaldehyde and 
CO due to the formation of OOH and OH intermediates. The Au+

reduction and a decrease of Ce3+ content weakened the MSI. The PLA in 
the liquid produced Pt and Au alloyed NPs assembled on ceria nanotubes 

Fig. 19. The synthesis process of ordered mesoporous CexZr1-xO2 solid solutions and Pt/CexZr1-xO2 catalysts. Reproduced with permission from Ref. [106]. Copyright 
WILEY-VCH Verlag GmbH & Co. KGaA. 
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to show strong synergistic effect due to shifting of Pt d band center after 
alloying accompanied by cooperation between Pt and Au or PtAu par
ticles in 4-nitrophenol reduction [132]. 

Recently, the opportunity to use silver to form ceria-supported Pt-Ag 
catalysts for 4-nitrophenol hydrogenation with NaBH4 was demon
strated [267]. The superior catalyst activity as compared to 
ceria-supported monometallic (Pt or Ag) samples was caused by the 
formation of Pt-Ag bimetallic NPs due to the simultaneous reduction of 
highly dispersed interplaying platinum and silver species (Fig. 21) 
[133]. The core effect of Ag was connected with the fine-tuning of the 
MSI and enhancement of the catalytic activity. 

Although not all noble metals are highly miscible with Pt (e.g., sil
ver), still it is interesting to understand the optimal distribution of both 
metals and their bimetallic species on ceria to ensure the potential 
synergistic effects arising from their proximity on the support surface. 
To unlock the potential of such complexes, it is necessary to develop 
robust preparation techniques. Sophisticated surface science methods 
and theoretical models will also help to deepen the understanding. 

The MnOx-containing Pt-CeO2-based systems are actively studied in 
the abatement of VOCs, e.g., toluene [268], due to the high effect of 
MnOx on the ceria properties. The improved low-temperature reduc
ibility of such composites is connected with the formation of 
MnOx–CeO2 solid solution, while Pt facilitated the O2 activation over the 
support. The formation of three formaldehyde oxide isomers (formic 
acid, dioxirane, CH2OO Criegee) over Pt/MnOx-CeO2 catalyst was 
revealed [269], with the latter being more reactive, but having a lower 
lifetime. The water exhibited a positive effect. 

For toluene abatement, PtMny intermetallic nanocrystals were pro
posed to prepare the 0.37Pt− 0.16MnOx/meso-CeO2 sample derived 
from the KIT-6 pathway. The ordered mesoporous architecture ensured 
thermal stability and water resistance [268]. The catalyst activity did 

not change much upon the addition of up to 5%vol. water vapor 
(Fig. 22A). The catalyst deactivation upon CO2 addition was found 
reversible due to the competitive adsorption of toluene and CO2 
(Fig. 22B). 

The promotion by NOx additives on Pt/MnOx-CeO2 catalysts for soot 
oxidation under tight contact (TC) and loose contact (LC) conditions was 
shown [270]. Under TC conditions, no NOx promotion was observed due 
to the surface blocking by soot, while under loose contact conditions the 
NO promoting effect was superior to the one of NO2. When MnOx-CeO2 
mixed oxides were introduced to Pt/Al2O3 catalyst for soot oxidation, 
the opportunity for complete recovery of the S-poisoned Pt/MnOx-
CeO2/Al2O3 catalyst after 30 min reduction in ammonia at 550 ◦C was 
demonstrated [271]. Both surface and bulk sulphates were detected, 
with the latter species being able to migrate onto the Pt surface in the 
ammonia presence. The Pt-assisted reduction of sulphates occurred at 
lower temperatures as compared to the case of catalyst regenerated in N2 
medium. NO oxidation depended strongly on the Pt particle size distri
bution and oxidation state. It is noteworthy that while preparing the 
mixed Mn–Ce oxide supports it is necessary to bear in mind that many 
phases can be formed during the preparation procedures, and, hence, the 
effects of calcination temperature as well as conditions of support/ca
talyst pretreatment should be studied in more details. The order of 
component introduction can also cause different catalyst surface struc
tures and should be thoroughly considered for specific reactions. 

Thus, many kinds of promoters were proposed for environmental 
catalysts utilizing Pt-CeO2 interfaces. Depending on the promoter na
ture, various features of catalyst components were affected, with the 
core attention being paid to the MSI effects (that is discussed below). The 
promoters are selected in such a way that they affect the properties of 
ceria (compounds based on lanthanoids, transition metals (e.g., Zr)) or 
platinum (noble metals) or both components (e.g., compounds of iron 

Fig. 20. (a) SEM image of the as-synthesized Fe2O3@CeO2-Pt, (b) HAADF-STEM image of Fe2O3@CeO2-Pt (c) Elemental mapping of Fe2O3@CeO2-Pt with EDS, (d) 
High resolution HAADF-STEM image of a Pt NP on the CeO2 shell. Reproduced with permission from Ref. [265]. Copyright Elsevier. 

Fig. 21. Catalytic activity of Pt-Ag/CeO2 catalyst in 4-nitrophenol reduction and the corresponding synergistic effect of Pt and Ag in bimetallic catalysts. Reproduced 
with permission from Ref. [133]. Copyright Elsevier. 
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triad metals). The bi-, tri- and multimetallic catalyst formulations were 
proposed, and the mechanisms of formation of bimetallic particles, or
dered and/or unordered alloys with different structures should be un
derstood in more details as these species significantly affect the catalyst 
performance. At the same time, small amounts of promoters used make 
the promoter-containing phases formed highly dispersed that compli
cates their experimental studies with the majority of available tech
niques. Nevertheless, new insights can be provided here using the 
theoretical approaches that can be directed towards revealing the sur
face distribution of the promoters, including self-organization and fine- 
tuning of the catalytic active sites, and the mechanisms of their 
involvement in the key stages of the considered environmental 
processes. 

6. Active sites and metal–support interactions 

6.1. Nature and structure of active sites 

The nature and structure of the active sites are one of the cornerstone 
issues in catalysis. The reasons are connected with the fact that due to 
the extremely small sizes and limitations of experimental techniques. It 
is usually difficult to detect such sites, reveal their structure, and in situ 
understand the mechanisms of their formation during the catalyst syn
thesis and under the influence of the reaction mixture as well as the 
dynamics of their reactivity in a particular reaction. With that, a number 
of currently available advanced characterization techniques allow 
shedding light on the structure of active sites. These techniques include 
but are not limited to operando high energy resolution fluorescence 
detected X-ray absorption near edge structure (HERFD-XANES) [199], 
high-angle annular dark-field imaging scanning transmission electron 
microscopy (HAADF-STEM) [61,71,108,180,262], synchrotron radia
tion photoelectron spectroscopy (SRPES) [190], scanning tunneling 
microscopy (STM) [187,272], ambient-pressure X-ray photoelectron 
spectroscopy (APXPS) [273], in situ X-ray absorption spectroscopy 
(XAS) [191], etc. 

Structural defects in ceria, especially oxygen vacancies, are crucial 
factors in the surface chemistry of Pt–CeO2 interfaces. Oxygen vacancies 
belong to those ceria surface defects considered the active sites. Basi
cally, the vacancy is formed during the electron transfer from O atoms to 
Ce ions located nearby the vacancy site to make the latter reduced to 
Ce3+ state. The formation of oxygen vacancies was shown to depend on a 
number of factors, including applied preparation approaches [274], 
high-energy impact [72] and treatment procedures [64,90], catalyst 
composition [178,115], support morphology [66,72]. The effect of the 
converted substrate molecules can also be expected and requires 

additional investigation. A number of publications also show the op
portunities to characterize the oxygen vacancies using surface science 
and physical-chemical methods, including XPS [175,208], STM, XAS 
[175,208], temperature-programmed methods [208,275], UV–vis DR 
spectroscopy [275], EPR, and IR spectroscopy [275]. The positron 
annihilation spectroscopy (PAS) [175] also allowed exarticulating the 
type of vacancy that traps Pt atoms. Recently, the advanced Raman 
techniques for ex situ, in situ, and operando characterization of CeO2-
based catalysts were discussed [276], and the peculiarities of the spec
tral modifications induced by nanocrystallinity, defects, doping, and 
reduction were revealed. The described approaches allowed identifying 
the effects of adsorbed molecular species, isolated atoms, nanoclusters 
as well as peroxo and superoxo ensembles and surface hydroxyls. 

Generally, the organization of metal–CeO2 interfaces with the 
participation of dopants was shown to be crucial for the formation of 
oxygen vacancies and improvement of ceria reducibility [277]. The 
formation of interfacial oxygen vacancies can be controlled by the 
low-lying partially occupied Pt-induced gap states [175]. Most recently, 
the use of co-dopants (noble metals, iron triad metals, Sn, Ga, Sm, etc.) 
was shown to enhance oxygen vacancy formation, and the process 
depended on the dopant binding energy on various ceria surfaces 
(CeO2(111), (110), and (100)) [278] implying the opportunities to tune 
the binding strength. Higher binding energy reflected hindered the 
formation of oxygen vacancies. For Pt/CeO2 and Pt/CeSnOx catalysts of 
low-temperature CO oxidation, the Ce4+ substitution by Sn4+ favored 
the formation of oxygen vacancies near the dopants and induced high 
oxygen mobility in the nanostructured ceria that was caused by strongly 
distorted oxygen coordination of Sn4+ compared to Ce4+ [94]. The Ga 
dopant facilitated the formation of oxygen vacancies, and Ga-anchored 
single Pt atoms were more stable [279]. Oxygen vacancies participated 
in O2 activation further reacting with Pt-preadsorbed CO with a lower 
energy barrier. Small Pt clusters facilitated the formation of oxygen 
vacancies in Pt-lean and Pt-rich ceria(111) catalysts as well as 
Pt-containing reduced Sm0.2Ce0.8O1.9(111) (SDC) system [280]. In a row 
of ceria-supported noble metal catalysts (M = Ag, Au, Pd, Pt, and Rh) the 
following activity row was obtained [281]: Rh/CeO2 > Ag/CeO2 >

Pt/CeO2 > Au/CeO2 > Pd/CeO2 > CeO2. The DFT calculations showed 
that the vacancy formation energy gradually decreased in a row CeO2 >

Pd4/CeO2 > Pt4/CeO2 > Au4/CeO2 = Ag4/CeO2 > Rh4/CeO2. 
It is noteworthy that the cooperation of several types of oxygen va

cancies was recently shown. Thus, for Pt-CeO2/MnO2 heterocatalysts for 
toluene oxidation [282] the synergistic effect of oxygen vacancies 
decorated on the surface as well as the intrinsic ones was assumed to 
occur through the oxygen replenishment–migration pathway (Fig. 23) 
that was responsible for the observed activity. 

Fig. 22. Effects of (A) H2O and (B) CO2 on catalytic activity of 0.37Pt− 0.16MnOx/meso-CeO2 at 180 ◦C and SV = 40,000 mL/(g h). Reproduced with permission 
from Ref. [268]. Copyright Elsevier. 
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There is an ongoing discussion on the nature of active oxygen species 
that can be related to Pt, ceria and/or interfacial sites. The process of 
formation of oxygen species was shown to depend on the catalyst 
preparation method [263], the composition of the reaction mixture [97] 
that affects the source of oxygen species (e.g., the concentration of 
surface nitrates formed upon NO addition [275]), etc. Interfacial O* 
species at the boundary with ultrasmall Pt clusters (~1.5 nm) ensured 
high activity, while ceria did not alter the CO binding energies but 
enhanced the reactivity of the interfacial lattice oxygen atoms [283]. 
Strong interaction between the surface oxygen and adjacent Pt species 
affected migration of oxygen species, the formation of surface oxygen 
vacancies, and changing of the low-temperature catalyst reducibility 
[207]. The formed carbon-related species (bicarbonates and carbonates) 
were completely converted to CO2. 

The nature of the active surface lattice oxygen species produced 
using the high-temperature steam treatment of atomically dispersed Pt/ 
CeO2 catalysts was also discussed [97]. High-temperature exposure to 
water imposed oxygen vacancies redistribution to the CeO2(111) facet 
resulting in the filling of oxygen vacancies by water to yield a couple of 
Olattice[H] sites near Pt atoms. Such sites coordinated with Pt to react 
with Pt-bound CO and yielded oxygen vacancies that were refilled 
through oxygen adsorption. The O2-assisted deprotonation of carboxyl 
intermediate yielded CO2. The OO[H] species interacted with another 
CO molecule to yield CO2 that then readily desorbed. The high thermal 
stability up to 767 ◦C of the Olattice[H] was pointed out and can be re
generated during the CO oxidation cycles. 

The role of oxidative species in photocatalytic oxidation of formic 
acid was also mentioned for Pt-loaded ceria [284]. Three modes of 
illumination conditions were employed, i.e., (1) no illumination, (2) no 
illumination with UV light pretreatment, and (3) continuous UV illu
mination. The key species were surface active oxygen (PtOads and O-ads) 
under no illumination with and without light pre-treatment, while under 
photocatalytic conditions, photogenerated holes and electrons formed 
hydroxyl •OH and superoxide radicals (•O2-), respectively (Fig. 24). 

Due to the high interest in Pt–CeO2 catalytic interfaces, several in
terpretations of the active surface ensembles serving as active sites were 
proposed. The Pt loading connected with the Pt dispersion and distri
bution on the catalyst surface significantly affected the structure of such 
surface complexes. In particular, the Pt–O–Ce ensembles with a low 
oxygen coordination number were considered the active sites [67,74]. It 
is noteworthy that the coordination number of Pt-bound oxygen also 
affected the catalytic activity in the case of subnanometric PtOx clusters 
supported on CeO2 (110) nanowires [101], with the increased concen
tration of the surrounding oxygen overstabilizing Pt atoms resulting in 
the lower activity of some Pt sites. The opportunity for the transition of 
the homogeneous solid solutions of Pt in ceria lattice (PtCeOx) into 

(PtO)m associates was also demonstrated [285]. Thermodynamic cal
culations revealed the PtO species to be the most stable ones at standard 
conditions [179]. 

Recently, the formation of Pt–O–Pt ensembles on ceria in Pt1/CeO2 
catalyst demonstrating enhanced performance in CO oxidation under O- 
rich conditions was proposed [177]. The calculations over Pt8/CeO2 
showed rearrangement into Pt8O14 that contained Pt–O–Pt unit. 
Different transition states of O2 activation were found for the cases of the 
Pt1-O-Ce (Mars-van Krevelen mechanism of CO oxidation) and Pt–O–Pt 
(participation of bridge oxygen) ensembles (Fig. 25). It is noteworthy 
that some of the Pt atoms probably do not form the Pt − O–Ce 
ensembles. 

More complicated compositions of the active ensembles were also 
considered. Additional interpretations showed the formation of ener
getically stable peroxo Pt–O–O–Ce species upon PtO2 species adsorption 
at (100) facet of the Ce40O80 model substrate [197]. The interfacial Pt −
O–Ce − O–Al ensembles and high concentration of oxygen vacancies 
were proposed for the Pt/15 %CeO2/SiO2-Al2O3 catalyst for oxidation of 
CO, hydrocarbon, and NO [286]. In catalytic oxidation of benzenes over 
Pt-xW/CeO2 catalysts [127], the W–O–Ce and Pt–O–W ensembles were 
revealed that respectively increased the concentration of oxygen va
cancies and acidity and promoted the reducibility and availability of the 
surface oxygen. The synergistic effects of several metal dopants were 
shown in 4%Ni-0.2 %Au-0.2 %Pt-Al2O3-10 %CeO2 catalyst [287], where 
the interactions between metal dopants and Ni provided easy NiO 
reduction and decreasing of particle size. The trimetal catalyst showed 
high performance due to the formation of Ni–Au–Pt ensembles partici
pating in the growth of bamboo-like carbon nanotubes. 

The models accounting for different surface defects (Fig. 26) were 
proposed [288]. The Pt adatoms preferably were segregated at the steps, 
with the Pt binding energies being higher than at the stoichiometric or 

Fig. 23. Schematic illustration of proposed mechanisms for toluene oxidation over the Pt-CeO2/MnO2 catalyst. Reproduced with permission from Ref. [282]. 
Copyright Elsevier. 

Fig. 24. Schematic detailing the mechanisms for dark catalytic FA oxidation 
using UV light pre-treated Pt/CeO2. Reproduced with permission from 
Ref. [284]. Copyright Elsevier. 
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defective (111) terraces. Such an approach is rather informative, while 
still there exists the need to characterize the effects arising from the 
cooperative action of these defects since such interpretations can defi
nitely deepen the understanding of the process mechanisms and make 
the models used closer to the real catalytic systems. 

To sum up, the surface of the real catalyst features the combination 
of active sites related to solely Pt (single-atom species, clusters and/or 
nanoparticles with edges, corners, steps, etc.) and/or ceria (oxygen va
cancies, terraces, etc.) as well to the Pt–CeO2 interface (Pt-O-Ce en
sembles, interfacial oxygen species, etc.), and, hence, the cooperation of 
such sites should be further considered. The interplay between these 
sites significantly contributes to the overall catalyst performance (e.g., 
the synergistic action of the acid-base and/or redox interfacial sites in 
tuning the catalyst performance under reducing conditions was 
demonstrated [289]). However, detailed surface science studies are 
required to reveal the ratios between these species, their surface distri
bution. Understanding these challenges will allow rational designing of 
active and stable surface ensembles determining the enhanced catalyst 
performance. Moreover, various solid solutions are formed [99] 
depending on the catalyst composition and preparation conditions, and 
their exact composition and structure remain unclear. The understand
ing of these issues requires the application of sophisticated surface sci
ence techniques. 

6.2. Metal–support interactions 

The MSI is among the most important aspects defining the catalyst 
performance in many catalytic reactions [290], and a plethora of pub
lications dealing with Pt/CeO2 catalysts mentions the MSI as the main 
reason for the enhanced catalyst performance [e.g., 67,909,196,254, 
266,183,187,193,114,207,280]. The MSI is usually interconnected with 
one or more aspects such as the parameters of interfacial perimeter 
[199], charge transfer [65,289], morphology [291,193], chemical and 
phase composition (mostly, synergistic effects between the catalyst 
components [220] as well as with the SMSI [175]. The strength of the 
MSI can be also affected by such factors as, for instance, the type of Pt 
precursor used [147], thermal stability under reducing/oxidizing con
ditions [90], catalyst pretreatment conditions [96]. The facet 

dependence of the MSI strength was also revealed [193] and followed 
the row: (100) > (110) > (111). The effects of modification of the 
catalyst composition on the MSI were also shown. For instance, for 
single-atom S-Pt/Ce0.7Zr0.3O2 catalysts [167], the CeO2 promoter 
showed the effect on the catalyst performance due to the strong Pt–CeO2 
interaction. For the ceria- and zirconia-supported Pt–Co3O4 catalysts of 
CO oxidation and NOx reduction [292] the observed catalytic activity 
was attributed to the uniform particle size and the electronic MSI. The N 
dopant to Ce-doped activated carbon used as the Pt support showed 
improved performance due to SMSI of both N and Pt in the activated 
carbon skeleton [255]. In Pt-Au/TiO2-CeO2 composites, the MSI can be 
weakened upon Au+ reduction and Ce3+ content decrease [266]. 

Multiple interactions were considered in several catalysts. For 
instance, a triple strong interaction between Pt, CeO2, and ZnO was 
shown to maximize the photocatalytic activity of Pt/CeO2/ZnO ternary 
composite for phenol photodegradation [293], with the 91 % phenol 
degrading during the 60 min under the UV light irradiation. The redox 
cycle of Ce species, the formation of ZnO–CeO2 interface, and Pt-induced 
electron transfer were mentioned as the major reasons for performance 
enhancement. The triple WOx–ceria–Pt interactions [127] resulted in 
the formation of W–O–Ce and Pt–O–W surface ensembles that respec
tively increased the concentration of oxygen vacancies and acidity and 
promoted the reducibility and availability of the surface oxygen. The 
structures were stable for 50 h even under moist conditions. Chloro
benzene interacted with hydroxyls to produce phenolate further con
verted to acetaldehyde and carboxylates with ceria lattice oxygen. 
Simultaneously, surface oxygen completely oxidized partial oxidation 
products. Thus, the catalyst composition and organization of proper 
interplays between the catalyst components open up new opportunities 
for catalyst intensification. However, the exact component ratios should 
be precisely preselected. 

Several publications demonstrated that the MSI effect can be affected 
by the phase composition of Pt/CeO2 catalyst. In particular, the con
trolling of the MSI strength mediated the CO oxidation ability of Pt/ 
CeO2 catalysts. The support treated at 800 ◦C prior to Pt deposition kept 
high Pt dispersion after thermal aging and was sintering-resistant. The 
enhanced catalytic activity was explained by weaker MSI caused by the 
formation of PtO2 species instead of Pt–O–Ce ensembles. The formation 

Fig. 25. Potential energy diagrams and configurations for CO oxidation cycle. CO oxidation proceeds on (a) the Pt1/CeO2 and (b) at the Pt-O-Pt catalytic unit in 
Pt8O14/CeO2. Beige, red, and blue spheres are Ce, O, and Pt atoms, respectively. The small gray and green spheres are C and O atoms involved in CO oxidation. 
Reproduced with permission from Ref. [177]. Copyright Nature Publishing Group. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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of the terrace sites over large Pt NPs was shown to contribute to the 
improved CO oxidation performance [100]. To deepen the under
standing of the roles played by oxidized Pt species, the PtO2 and 
PtO2–CeO2 powders were treated in air and showed that at 600 ◦C, PtO2 
powder yielded Pt and Pt3O4 phases, while PtO2–CeO2 decomposition 
mostly produced Pt3O4 [294]. The specific role of the Pt3O4 phase re
mains unclear. 

It is noteworthy that that H2 pretreatment of the nanosized Pt species 
yielded well-dispersed ceria-uncovered NPs to ensure the RT catalyst 
activity due to the strong MSI controlled by the Pt–O bond elongation 
[96]. At the same time, the competition between the formation of Pt–O 
and Pt–Pt bonds was mentioned [183], with the SMSI being caused by 
ceria reducibility. Size dependence of the morphology was attributed to 

Pt–Pt interaction in the cluster and the Pt–O interaction between the 
cluster and CeO2(111) surface [187]. 

The effect of the Pt loading on the MSI strength was recently shown 
[295]. The resistant behavior of 0.1 %Pt/CeO2 catalysts to reduction and 
sintering up to 500 ◦C was shown along with their weak interactions 
with CO, while higher Pt loadings led to difficult-to-detect sub
nanometer Pt structures that exerted strong interactions with CO and 
low sintering resistance (Fig. 27). 

The effects of electron transfer in the Ptn/CeO2(111) catalysts (n =
95; 122) were considered [296]. The Pt–CeO2 interaction reconstructed 
the interface-forming Pt nanofacets and shifted the valence Pt d-states to 
affect the electronic structure of the interfacial oxygen anions (Fig. 28). 
In single-atom Pt/CeO2(100) catalyst [171], the dynamically 

Fig. 26. Pt adsorption sites on the CeO2(111) surface obtained 
from DFT calculations. (a) Pt adatom in a surface O vacancy, 
(b) on the stoichiometric CeO2(111) terrace and (c) supported 
Pt6 cluster. (d) Pt adatom at the stoichiometric step I (step I–S) 
and (e) at the stoichiometric step II (step II–S). (f) Pt adatom 
at the step I with excess O (step I–O) and (g) at the step II with 
excess O (step II–O). (d–g) The * symbol denotes the O atom 
removed to calculate the O vacancy formation energy. Repro
duced with permission from Ref. [288]. Copyright Nature 
Publishing group.   
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interconnected coexisting charge states that participate in strong MSIs 
were shown to be connected with the phonon-assisted electron injec
tion/recovery of Ce4f and Pt states, where Ce4f states adjust the surface 
atom displacement. 

It is noteworthy that the term “metal–support interaction” is now in 
vogue in catalysis science when one needs to explain the experimentally 
observed enhancement in catalyst performance, and Pt/CeO2 environ
mental catalysts are not the exception. At the same time, not all publi
cations provide adequate proofs for the existence of such interaction in 
the systems under consideration. It seems that a solid indicator is 

required to qualitatively estimate the MSI strength. This will allow more 
precisely controlling the Pt–CeO2 interaction experimentally as well as 
accounting for the effects of promoters, modifiers, and supports and 
support/catalyst treatment procedures to compare the catalysts with 
different compositions. Other aspects that should be clarified are con
nected with the competition between the Pt–ceria interaction and the Pt 
(or ceria)–substrate interaction and derived effects on the MSI strength. 

Fig. 27. Atomic scale structure of Ptiso on CeO2 revealed by STEM imaging. a) An ex situ HAADF-STEM image of Ptiso/CeO2 following reduction at 250 ◦C along the 
[100] zone axis of CeO2. The yellow circles highlight the Pt single atoms in this and other images in the figure. b) Normalized intensity profiles taken along the lines 
indicated by the yellow arrows and numbered in a. c) HAADF-STEM image of a CeO2 (111) termination showing Pt sitting at the oxide surface. d,e) Image and 
linescans taken along the CeO2 [110] zone axis. f) Pt N edge electron energy loss spectroscopy of Ptiso with respect to measured Pt◦ and Pt4+ standards. Reproduced 
with permission from Ref. [295]. Copyright American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 28. Isosurfaces of charge density difference for the 
interaction between ceria and the considered Pt particles 
involving the transfer of 6 electrons plotted at different iso
values (in a.u.) as well as the distilled contribution of Pt-ceria 
electron transfer to the electron polarization. Regions of elec
tron accumulation (depletion) are colored yellow (pink). 
(Edge) Pt atoms are (dark) blue, O atoms are red, Ce cations are 
beige. Reproduced with permission from Ref. [296]. Copyright 
Elsevier. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this 
article.)   
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7. Conclusions and outlook 

The Pt/CeO2 catalysts and Pt–CeOx interfaces have found diverse 
applications in environmental catalysis. This was caused by the high 
compatibility and synergy of Pt and ceria to activate and purposefully 
transform chemicals into value-added products. A number of tech
niques, such as plasma treatment, were shown to contribute to the for
mation of the desired defective structure solely or in combination with 
other pretreatment procedures (e.g., H2 treatment) imposed on the 
support or catalyst. A complex of experimental and theoretical methods 
allowed specifying the peculiarities of formation of the active surface of 
the composites, with the particular efforts being given to Pt coordina
tion, the effect of ceria facets, and defective surface. In Pt/CeO2 com
posites, the high efficiency of Pt utilization was achieved due to the 
single-atom configuration and suitable ceria morphology, while in 
some reactions the formation of the single-atom Pt species did not result 
in significant activity enhancement. 

To further enhance the performance, the composition of the Pt/CeO2 
catalysts was modified to a large extent. Stability issues were addressed 
using additional supports (alumina, silica, titania, zirconia, etc.) that 
affected the redox, acid-base, and other surface properties of catalysts. 
Various promoters (Sn, Zr, La, Yb, Y, etc.) were also proposed for such 
systems. The organization of the Pt–CeO2 interfaces in the catalysts that 
already contain Pt or ceria as a component was shown to be rather 
beneficial and can be used as a way of the catalyst intensification. 

Large progress in the understanding of Pt–CeO2 interfaces and their 
roles in catalytic reactions forms the basis for further research. The 
following key directions can be elaborated:  

(1) To enhance the catalyst performance and overcome their current 
drawbacks and limitations, new strategies for the facile, robust, 
and source-efficient synthesis of environmental catalysts utilizing 
Pt–CeOx interfaces are required. The influence of the order of 
components introduction, combined treatment procedures, Pt 
(re)dispersion can be further developed. For single-atom cata
lysts, the homogeneous distribution and stabilization of the Pt 
species are of particular interest. The approaches to organizing 
the compatible tailor-made defect structure on the surface of 
ceria with the predetermined morphology are also required. To 
confirm the high catalyst stability, the testing of the developed 
composites should be also carried out under the simulated real 
exhaust conditions paying attention to the probable effects of 
humidity and poisoning. 

(2) To ensure the catalyst robustness, the new generation of com
posites can be prepared by using new types of precursors of Pt (e. 
g., organo multimetallic complexes) and Ce (e.g., Ce-based- or 
functionalized MOFs, including MOF-on-MOF configurations) 
along with the high-surface ordered supports (3DOM, SBA-15, 
etc.). The specific roles of surface groups (e.g., hydroxyls, NH2-, 
PtOx, CeOx, etc.) should be specified for these cases. The 
comprehensive experimental and theoretical work will be 
required to reveal the component distribution within such com
posites as well as the action of each component in specific 
transformations during the catalytic reaction.  

(3) Advanced surface science studies will be required to clarify the 
questions related to intrinsic activities of several Pt species of 
different sizes (e.g., single-atom species and Pt NPs) coexisting on 
the ceria surface. Additionally, the issues of nucleation, agglom
eration, coalescence, sintering, and restructuring of Pt species 
will require close attention given the role of the substrate mole
cule. The mechanisms of ceria surface restructuring induced by 
“immersion” of Pt species are also of interest.  

(4) The roles of promoters and modifiers both for ceria support (Zr, 
Sn, etc.) and Pt component (Au, Ag, Ni, Fe, etc., to form bime
tallic, trimetallic or multimetallic composites) in the formation of 
active sites and, generally, in catalyst performance of Pt/CeO2 

catalysts in various reactions is topical and requires additional 
systematic studies since it has a high potential in environmental 
catalysis.  

(5) Coexistence, interplay, and synergistic action of multiple surface 
defects and active surface ensembles related to Pt, CeO2, Pt–CeO2 
interfaces as well as their interfaces with promoters/modifiers/ 
supports, requires sophisticated surface science and theoretical 
studies. The morphology and facet effects should also be taken 
into account.  

(6) To provide the opportunities for the quantitative comparison of 
various Pt-CeO2-based catalyst formulations in terms of the 
metal–support interaction strength, the indicator is required. 

All this will allow rational experimental and in silico design of new 
generations of composites utilizing Pt–CeO2 interfaces for existing and 
new catalytic processes that will demonstrate high durability and cata
lytic efficiency. General tendency to reduce the content of expensive 
noble metals, including Pt, in the catalysts with the opportunity to 
enhance the Pt activity by controlling its state, high dispersity, cooper
ation with ceria active sites as well as the addition of the second, less 
expensive, component (e.g., Ag, Ni, Fe, etc.) unlocks new potential for 
the use of Pt–CeO2-based composites in environmental catalysis. 
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[241] M.A.L. Rocha, G. Del Ángel, G. Torres-Torres, A. Cervantes, A. Vázquez, 
A. Arrieta, J.N. Beltramini, Effect of the Pt oxidation state and Ce3+/Ce4+ ratio on 
the Pt/TiO2-CeO2 catalysts in the phenol degradation by catalytic wet air 
oxidation (CWAO), Catal. Today 250 (2015) 145–154, https://doi.org/10.1016/j. 
cattod.2014.09.016. 

[242] Z. Wang, S. Li, S. Xie, Y. Liu, H. Dai, G. Guo, J. Deng, Supported ultralow loading 
Pt catalysts with high H2O-, CO2-, and SO2-resistance for acetone removal, Appl. 
Catal. A Gen. 579 (2019) 106–115, https://doi.org/10.1016/j. 
apcata.2019.04.018. 

[243] Y. Guo, S. Zhang, W. Mu, X. Li, Z. Li, Methanol total oxidation as model reaction 
for the effects of different Pd content on Pd-Pt/CeO2-Al2O3-TiO2 catalysts, Mol. 
Catal. 429 (2017) 18–26, https://doi.org/10.1016/j.molcata.2016.11.041. 

[244] Y. Shi, J. Wang, R. Zhou, Pt-support interaction and nanoparticle size effect in Pt/ 
CeO2–TiO2 catalysts for low temperature VOCs removal, Chemosphere 265 
(2021) 129127, https://doi.org/10.1016/j.chemosphere.2020.129127. 

[245] Y. Wei, J. Jiao, X. Zhang, B. Jin, Z. Zhao, J. Xiong, Y. Li, J. Liu, J. Li, Catalysts of 
self-assembled Pt@CeO2− δ-rich core-shell nanoparticles on 3D ordered 
macroporous Ce1− xZrxO2 for soot oxidation: nanostructure-dependent catalytic 
activity, Nanoscale 9 (2017) 4558–4571, https://doi.org/10.1039/c7nr00326a. 

[246] F. Dong, T. Tanabe, N. Takahashi, H. Shinjoh, Investigation of the effective 
oxygen storage and release performances on the Pt/CeO2-ZrO2 catalysts by 
breakthrough method, Catal. Today 332 (2019) 259–266, https://doi.org/ 
10.1016/j.cattod.2018.07.046. 

[247] M. Ozawa, M. Misaki, M. Iwakawa, M. Hattori, K. Kobayashi, K. Higuchi, S. Arai, 
Low content Pt-doped CeO2 and core-shell type CeO2/ZrO2 model catalysts, 
microstructure, TPR and three way catalytic activities, Catal. Today 332 (2019) 
251–258, https://doi.org/10.1016/j.cattod.2018.08.015. 

[248] J. Ouyang, Z. Zhao, H. Yang, J. He, S.L. Suib, Surface redox characters and 
synergetic catalytic properties of macroporous ceria-zirconia solid solutions, 
J. Hazard. Mater. 366 (2019) 54–64, https://doi.org/10.1016/j. 
jhazmat.2018.11.083. 

[249] Y. Ji, D. Xu, S. Bai, U. Graham, M. Crocker, B. Chen, C. Shi, D. Harris, D. Scapens, 
J. Darab, Pt- and Pd-promoted CeO2-ZrO2 for passive NOx adsorber applications, 
Ind. Eng. Chem. Res. 56 (2017) 111–125, https://doi.org/10.1021/acs. 
iecr.6b03793. 

[250] S. Andonova, Z.A. Ok, N. Drenвchev, E. Ozensoy, K. Hadjiivanov, Pt/CeOx/ZrOx/ 
γ-Al2O3 ternary mixed oxide DeNOx catalyst: surface chemistry and NOx 
interactions, J. Phys. Chem. C. 122 (2018) 12850–12863, https://doi.org/ 
10.1021/acs.jpcc.8b03186. 

[251] J.M. Gatica, R.T. Baker, P. Fornasiero, S. Bernal, J. Kašpar, Characterization of the 
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