
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 7 7 5 1e1 7 7 6 2
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
One-Step synthesis of PtFe/CeO2 catalyst for the
Co-Preferential oxidation reaction at low
temperatures
Rodolfo M. Antoniassi a,*, Arthur P. Machado b, Ana Rita N. Paiva b,
Carla M.S. Queiroz b, Jorge M. Vaz b, Estevam V. Spinac�e b,
Julio Cesar M. Silva c, Eduardo Carmine a, Pedro H.C. Camargo a,d,
Roberto M. Torresi a

a Instituto de Quı́mica, Universidade de S~ao Paulo, Av. Prof. Lineu Prestes, 748, Cidade Universit�aria, 05508-000, S~ao

Paulo, SP, Brazil
b Instituto de Pesquisas Energ�eticas e Nucleares e IPEN-CNEN/SP, Av. Prof. Lineu Prestes, 2242, Cidade

Universit�aria, 05508-900 S~ao Paulo, SP, Brazil
c Instituto de Quı́mica da Universidade Federal Fluminense, Grupo de Eletroquı́mica e Materiais Nanoestruturados,

Campus Valonguinho, Niter�oi, RJ CEP, 24020-141, Brazil
d Department of Chemistry, University of Helsinki, A.I. Virtasen Aukio 1, Helsinki, Finland
h i g h l i g h t s
* Corresponding author.
E-mail addresses: aidide@hotmail.com, a

https://doi.org/10.1016/j.ijhydene.2021.02.192
0360-3199/© 2021 Hydrogen Energy Publicati
g r a p h i c a l a b s t r a c t
� Highly active Pt20Fe/CeO2 synthe-

sized by borohydride without any

pre-treatment.

� Fe species promotes the oxygen

activation at low temperatures.

� Pt20Fe/CeO2 performance fulfills

the CO-PROX “50:50 goal”.
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Active Pt-based catalysts at low temperature towards the preferential oxidation of carbon

monoxide in hydrogen-rich stream reaction (CO-PROX) are of great importance for H2-

fueled fuel cells, but still remain a challenge. Herein, we propose a simple approach to

synthesize a highly active Pt20Fe/CeO2 catalyst employing the borohydride reduction pro-

cess. Transmission electronic microscopy revealed monodispersed 2.8 nm-Pt nanoparticles

on CeO2, and the role of Fe species on the activity is discussed. The excellent CO conversion

of 99.6% and CO2 selectivity of 92.3% carried out at ambient temperature meet the CO-PROX

requirements for an adequate supply of hydrogen in fuel cell device.
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1. Introduction

Hydrogen gas (H2) is used in many essential processes,

including petroleum cracking, methanol, fatty acids synthe-

ses, and ammonia-based fertilizers. Recently, the Hydrogen

Economy arose as one of the most desirable power supply al-

ternatives for plenty of applications through Fuel Cell (FC)

technologies fed by H2 [1e7]. The possibility to obtain elec-

tricity from the cleaner combustion of the H2 vector has

motivated the development of efficient FC catalysts [8,9].

Hydrogen is mainly produced from the combined process of

reform of natural gas andwater-gas shift (WGS), yielding a H2-

rich mixture, which comprises CO2 (about 10e20%), water

(5e10%), and CO (1e5%). However, an extra purifying step is

needed, since CO levels >100 ppm are not tolerated for

appropriate catalytic performances [10]. Compared to the

traditional techniques, chemical approaches like (photo)

electrochemical water splitting [11e14] and the preferential

oxidation of carbon monoxide in a hydrogen-rich stream in

the presence of oxygen (CO-PROX) take valuable advantages of

low-cost and environmentally friendly systems to produce

hydrogen. CO-PROX is a suitable technique of purification, in

which the presence of an active catalyst leads to a reacted H2

stream containing acceptable CO levels [15]. To match the

functional FC requests properly, there is an established

benchmark for the CO-PROX reaction, which consists in

reducing the CO concentration in at least 50 ppm with selec-

tivity higher than 50%, currently so-called “50:50 Goal” [16].

Numerous efforts have been proposed on the development

of supported platinum catalysts [10,17e21], because they are

stable in CO-PROX reactor conditions over a range of tem-

peratures (60e150 �C) [10] and also represent the state-of-the-

art low-temperature FC catalysts. Besides, Pt would enable a

coupled operating systemwithout serious problems related to

catalytic incompatibility. For these materials, physicochem-

ical properties like size and composition/structure of the

active/support phases play fundamental rules on the search

for better CO-PROX catalysts [22e25]. The introduction of CeO2

has remarkable importance on catalysis due to the oxygen

mobility through its Ceþ3/Ceþ4 sites into the crystalline

structure [26], which could favor oxidation reactions involving

PteCO. However, even after six decades of cumulative reports,

a very small number of examples can fulfill the 50:50 Goal,

especially at low temperatures (<40 �C). These are the condi-

tions at which stationary, automotive, and mobile FC-fueled

devices usually start. This occurs as a result not only on

insufficient activity related to poor CO conversion issues, but

also of low CO2 selectivity [21,27e38], resulting in the unde-

sirable formation of water from the H2 oxidation, thus

compromising the quality of the H2 outlet.
It is observed that PtFe-based materials are among the

most active catalysts for CO-PROX reaction in the mild tem-

perature range [28,32,34]. Some important contributions have

shown that the addition of small amounts of Fe in the catalytic

composition can substantially improve the CO-PROX activity

[25,32,39,40]. The combined structure can both enhance the

oxygen activation and weaken the strong CO adsorption on

platinum through the modification of Pt d-band energy as a

result of charge transfer centers. Thus, the introduction of Fe

can benefit the catalytic performance at low temperatures, at

which monometallic platinum is limited by CO poisoning [40].

Considering this composition, the optimum temperature at

which higher conversion and selectivity occurs is ruled by

different catalytic proprieties, which is obviously affected by

the synthesis procedures. Most of the approaches employed

are restricted to traditional methods, such as impregnation

and microemulsion [21,27,29,31,32,38,41]. To achieve better

performances, extra post-synthesis procedures are often

adopted prior to introducing catalysts in the CO-PROX reactor,

requiring, for example, determined conditions of synthesis

media/washing and controlled heating or atmosphere treat-

ments (or both combined inmost cases). Such additional steps

and chemicals not only extend time and expenses for the

catalyst preparation but can also result in procedures that are

difficult to reproduce. In this context, the sodium borohydride

reduction process is a strong reducing agent, capable of

reducing salts of noble metals to the zero valence through a

fast kinetic, which is essential to form particles with

controlled characteristics on the support. The process can also

be conducted in a single step of reduction and deposition,

enabling a synthesis procedure without any capping agents

that may contaminate and perturb catalyst in the perfor-

mance evaluation. According to previous studies, there are

three independent reactions (equations (1)e(3)) that may play

a role during the reduction of the cationic metal (Mþ) in the

presence of an aqueous solution of sodium borohydride [42]:

BH4
� þ 2H2O / BO2

� þ 4Hþ (1)

nBH4
� þ 4Mnþ þ 2nH2O / 4 M þ nBO2

� þ 2nH2 (2)

BH4
� þ H2O / B þ OH� þ 2.5H2 (3)

In addition, boron species could lead to a better dispersion

of the nanoparticles on the support and decrease the size of

themetallic particles, which is extremely advantageous to the

catalytic performance [42]. The borohydride reduction process

is a promising approach to produce other metals, especially

for loadings <5%. Supported gold nanoparticles with small

sizes (3e5 nm and loadings ranging from 0.5 to 2% could also
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be prepared by similar approaches [43,44]; on the other hand,

> 20 nm Au nanoparticles were obtained if the reducing agent

is simply replaced by ethylene glycol and temperature of

160 �C [45], thus resulting in both lower activity and selectivity.

Unfortunately, this sodium borohydride reduction process is

still scarce towards CO-PROX materials, and it opens up new

possibilities in terms of producing unexplored multimetallic

compositions. Inspired by this fact, we report herein a rapid

and facile preparation of Pt20Fe/CeO2 catalyst via NaBH4

reduction process, without any post-synthesis treatment to-

wards the CO-PROX reaction. The proposed catalyst showed

high activity and selectivity at temperatures as low as 20 �C.
2. Materials and methods

All materials were used as received: hexachloroplatinic (IV)

acid hexahydrated (H2PtCl6$6H2O, 99.9% purity, Sigma-

Aldrich®), iron (III) chlorine hexahydrated (FeCl3$6H2O, 97%,

Sigma-Aldrich®), cerium oxide (CeO2 nanopowder, <25 nm

particle size (BET), SigmaeAldrich®), sodium borohydride

(NaBH4, 98%, Sigma-Aldrich®), deionized water (18.2 MUcm),

C3H7O (anhydrous isopropyl alcohol, 99.5%, Sigma-Aldrich®),

C2H6O2 (ethylene glycol, 99.5%, Vetec®).

Transmission Electronic Microscopy (TEM) images were

collected on a JEOL equipmentmodel JEM 2100F, operating at a

voltage of 200 kV. Prior to TEM observation, all catalyst sam-

ples were dispersed in isopropyl alcohol, and sonicated for

10 min, and deposited on TEM copper grids. The sizes of the

resulted nanoparticles were measured individually to

construct the histograms. The energy-dispersive X-ray spec-

troscopy (EDS) was used to estimate semi-quantitatively the

chemical composition of the catalysts by using a Philips

scanningmicroscope (SEM - JEOL 1060, with electron source of

20 keV). To conduct the analysis, a small amount of the pre-

pared catalytic powders was fixed in the carbon-coated sam-

ple holder. The atomic composition was verified by

Inductively Coupled Plasma Optical Emission Spectroscopy

(ICP-EOS). X-Ray Diffraction (XRD) were recorded by a Rigaku

Miniflex II apparatus employing a CuKa source (l¼ 1.54�A). For

XRD measurements, an aliquot of catalyst powder was

deposited in a glass holder. To build the diffractograms, the

information of 2Ɵ¼ 20e90� was collected in a step size of 0.02�

with an acquisition time of 1s. Hydrogen was used as a

reducing gas for Temperature-Programmed Reduction (TPR)

technique. The analyses were performed on ChemBET Pulsar

TPR/TPD chemisorption instrument equipped with a thermal

conductivity detector (TCD). To the analyses, an amount of

100mg of each catalyst was inserted in a U-shaped quartz cell,

and it was treated for 1 h under a nitrogen flow of

50 mL min�1 at 200 �C. Then, all materials were let to cool to

ambient temperature before being exposed to H2/N2 (10% H2)

flow (30 mL min�1). The heating rate from ambient to 1000 �C
was 10 �C min�1.

2.1. Synthesis of 2.7 nm-Pt/CeO2, Fe/CeO2 and 2.8 nm-
Pt20Fe/CeO2 catalysts

Pt/CeO2, Fe/CeO2, and Pt20Fe/CeO2 catalysts were prepared by

a simple sodium borohydride reduction approach at ambient
temperature (~20 �C). For Pt/CeO2 synthesis, a beaker con-

taining 495mg of CeO2, 25mL of water, and 25mL of isopropyl

alcohol was sonicated to homogenize the cerium oxide sup-

port suspension for at least 10 min. After sonicated, the sus-

pension was put under constant stirring, and 0.265 mL of an

aqueous solution of H2PtCl6$6H2O (0.05 g mL�1) was quickly

added. Then, 1 mL of an aqueous solution of sodium borohy-

dride was introduced (6.5 mg mL�1 - it was used an excess of

the reducing agent in order to guarantee the complete

reduction of metal precursor - NaBH4:Pt about 6 in molar

units). The catalyst was isolated and washed with water for 5

successively rounds of centrifugation at 8 k rpm. Finally, the

material was dried at 80 �C for 2 h. A similar procedure was

adopted for Fe/CeO2 preparation, in which 2.43 mL of an

ethylene glycol solution of FeCl3$3H2O (5mgmL�1) and 1mL of

sodium borohydride solution were added to the CeO2 support

suspension. For Pt20Fe/CeO2 synthesis, 0.24 mL of H2PtCl6-
$6H2Owas reducedwith 1mL of the NaBH4 solution for 30min

in the same previous conditions. The material was isolated/

washed and re-suspended in the isovolumetric water/iso-

propyl alcoholmixture prior to add 0.212mL of the FeCl3$6H2O

and 1 mL of NaBH4. Then, those centrifugation and dry steps

were repeated. The Pt20Fe nomenclature denotes the mass

ratio between Pt and Fe phases, calculated by ICP.

2.2. Catalytic performance

The performance of the CO-PROX reaction was evaluated in a

gas-phase system at atmospheric pressure, with 100 mg of

each catalyst. The preparedmaterials were readily introduced

in a fixed bed reactor without any pre-treatment prior to the

performance measurements. The temperature of CO-PROX

tests ranged from 20 to 150 �C in two subsequent cycles

(runs) from the lower to higher temperatures, both at atmo-

spheric pressure. The volumetric composition of inlet steam

was 1% CO, 0.5% O2, balanced with H2, comprising

50 mL min�1 of flow rate (weight hourly space velocity -

WHSV ¼ 30 L gcat
�1 h�1). The by-products and unreacted re-

agents were determined by Gas Chromatography (GC),

coupled to the CO-PROX reactor. Prior to each catalyst per-

formance, calibration curves were done to quantify CO, water,

CO2, and O2. Both CO and O2 conversions and CO2 selectivity

were calculated according to the following Equations (4)e(6):

CO conversion (%) ¼ 100 . ([CO]in e [CO]out)/(CO)in (4)

CO2 selectivity (%) ¼ 100 . (0.5 [CO2]out)/([O2]in) e [O2])out (5)

O2 conversion (%) ¼ 100 . ([O2]in e [O2]out)/(O2)in (6)

For CO2 selectivity, the coefficient 0.5 refers to the stoi-

chiometric parameter, in which 1 mol of CO reacts to 0.5 mol

of O2, producing 1 mol of CO2.
3. Results and discussion

The chemical reduction process involving the aqueous solu-

tion of sodium borohydride leads to a fast reduction of Pt (IV)

ions into Pt (0) nanoparticles directly supported on CeO2

https://doi.org/10.1016/j.ijhydene.2021.02.192
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Table 1 e Size and compositional characterization of the
catalysts.

Catalyst Nanoparticle
size (nm)

EDS (wt. %)

Pt Fe CeO2

Fe/CeO2 e e 1.10 98.90

Pt/CeO2 2.7 1.44 e 98.56

Pt20Fe/CeO2 2.8 1.39 undetectable 98.51
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through a single synthesis step. After the addition of sodium

borohydride, themixture color instantaneously changed from

light yellow to grey, indicating the formation of platinum

nanoparticles (PtNPs). The reaction rate is crucial to control

the size and dispersion of the PtNPs in the absence of addi-

tional capping agents. TEM images are shown in Fig. 1. For Pt/

CeO2 (Fig. 1b and e), small PtNPs with a mean size of 2.7 nm

(red histogram in FS 1a and Table 1) are observed on CeO2

support. The interplanar distance of 2.3 �A corresponds to the

(111) plane of PtNPs [46], whereas that of 3.1 �A is indexed to

CeO2 (111) [26] (Fig. 1e). PtNPs were found with good disper-

sion, and no regions of agglomeration were observed. Com-

parable observationswere found for Pt20Fe/CeO2 (Fig. 1c and f),

in which the average size of the PtNPs was 2.8 nm (green

histogram in FS 1b). No visible Fe phases were observed for

Pt20Fe/CeO2 (Fig. 1c and f) and Fe/CeO2 (Fig. 1a and d), but the

chemical analyses clarify its presence in the catalysts. The

atomic composition of the catalysts evaluated by EDS is

shown in Table 1. The Fe percentage for Fe/CeO2was 1.1%, and

the Pt loadings of Pt/CeO2 and Pt20Fe/CeO2were found 1.44 and

1.39 wt %, respectively. The similar characteristics of loading

and size found in the materials allow a more coherent eval-

uation of the compositional effect on the catalytic

performance.

Iron was not detected in Pt20Fe/CeO2 sample, and this fact

is attributed to the low content, thus limiting its quantification

by EDS. ICP-EOS was employed to estimate the Pt and Fe

contents of Pt20Fe/CeO2 exclusively. Thewt. % results revealed

that Fe corresponded to 0.07%, whereas Pt was found 1.44%
Fig. 1 e TEM micrographs of Fe/CeO2 (a, d
(confirming both the platinum mass observed in EDS analysis

and Pt:Fe ratio of about 20.6).

Fig. 2a depicts the X-ray diffractogram data of Fe/CeO2, Pt/

CeO2 and Pt20Fe/CeO2. For comparison purposes, CeO2 data

were included. In all cases, characteristic peaks assigned to

the cubic cerium oxide structure at approximately 2Ɵ ¼ 28.3�,
33�, 47.4�, 56.2�, 59�, 69.3�, 76.5�, 79� and 88.3� (ICSD #72155)

were observed. The thin peaks correspond to the crystalline

CeO2 structure of >25 nm. On the other hand, the peaks

related to the Pt and Fe species are absent. This is associated

with a small amount and/or low crystallinity of both species

onto the CeO2 support. To have information about Fe crys-

talline characteristics of the catalysts, the synthetic procedure

was reproduced in the absence of the Pt precursor and CeO2.

The synthesis recipe was proportionally multiplied by a factor

of 5 in order to collect enough amount of sample. Then, part of

the obtainedmaterial was dried at 80 �C, and then another one

was submitted to 150 �C, which represents the temperature to

dry the as-synthesized catalysts and the maximum
), Pt/CeO2 (b, e) and Pt20Fe/CeO2 (c, f).

https://doi.org/10.1016/j.ijhydene.2021.02.192
https://doi.org/10.1016/j.ijhydene.2021.02.192


Fig. 2 e a) X-ray diffraction data and b) H2-Temperature programmed reduction of CeO2 supported Fe/CeO2, Pt/CeO2 and

Pt20Fe/CeO2.
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temperature in CO-PROX experiments. The XRD measure-

ments of both materials revealed an amorphous behavior (FS

1c), which suggests that the Fe is dispersed on the catalysts as

an oxide/hydroxide phase.

Fig. 2b shows the H2-TPR analysis for CeO2, Fe/CeO2, Pt/

CeO2 and Pt20Fe/CeO2. In all profiles, there are two regions of

hydrogen consumption regarding the reducion of different

species; one in the range of 300e600 �C and the second at

temperatures above 600 �C. Harrison et al. [47] reported a pair

of reduction peaks for CeO2: the first at 500 �C, assigned to the

reduction of the surface species and the other one at 800 �C,
corresponding to the reduction of bulk oxygen and the for-

mation of lower oxides of cerium. For the commercial CeO2

support, this pair of peaks is centered at 453 �C and 789 �C,
respectively. There were no changes in the peak position

related to the bulk CeO2 for all materials, apparently.

Conversely, the peaks related to the Ce surface sites shifted

towards lower temperatures for all the synthesized materials.

Such features are typical for deposited particles on CeO2

supports [48,49]. In the case of Fe/CeO2, it appeared at 421 �C.
Although Fe species cannot be identified in TEM images nor by

XRD, it is evidenced that the surface sites of Ce were modified

as a function of the Fe deposition. For Pt/CeO2, the first peak

was displaced at 378 �C, whereas for Pt20Fe/CeO2, this value is

almost 100 �C lower than that of the commercial CeO2. Taking

to account the Pt loading is virtually the same in Pt/CeO2 and

Pt20Fe/CeO2, the displacement in the TPR curves cannot be

related to the platinum load but to the Fe deposition. Besides,

it is presumed that the Fe is well dispersed, presenting an

intimate contact with Pt and CeO2; otherwise, no displace-

ment would be expected, considering the very low amount of

Fe in Pt20Fe/CeO2. The deposition of Pt and Fe via sodium

borohydride suggests that these species could bond directly

on CeO2, thus changing the reduction temperature related to

the Ce surface sites. The shift towards lower temperatures

may indicate a metal-support interaction, which could

enhance the oxygen mobility through the CeO2 cubic lattice,

thus leading to the improvement of the redox properties of the

catalysts [49,50]. Thus, these results indicate that Fe, Pt, and

Pt20Fe species promote an interface interaction with CeO2

support.

Fig. 3 shows the CO-PROX performances of Fe/CeO2, Pt/

CeO2 and Pt20Fe/CeO2 with l ¼ 1 (inlet feed ratio of O2/
CO ¼ 0.5), following the operational conditions of a previous

report [49]. There was no pre-treatment prior to the catalytic

CO-PROX experiments, and the materials were tested just as

synthesized. Three chromatographic runs were conducted for

each temperature, and the results represent the mean values

with error bars. Here, the second run was reported for each

material. After the first run (going from 20 to 150 �C), the

sampleswere let to cool naturally until 20 �C inside the reactor

prior to starting the second run. Generally, the samples were

more active in the second run, performing better, especially at

temperatures up to 75 �C. This fact may be related to the

decrease of the cationic species during the first run, thus

improving the accessibility of the gas feed through the active

sites. For temperatures >75 �C, both first and second runs

performed similarly. From Fig. 3a, it is verified that the com-

bination of Fe species with CeO2 support is not a good choice

to activate the CO oxidation, at least at the conditions studied.

Fe/CeO2 did not provide a significant catalytic response, and

about 2% of CO conversion was observed at 20 �C, with 12% of

CO2 selectivity. The performance practically does not change

at higher temperatures with the maximum of CO conversion

of 3% and 17% of CO2 selectivity at 150 �C. The O2 consumption

is shown in Fig. 3d (blue line). Low quantities of oxygen were

consumed in the range of 20e150 �C (about 15%). Considering

the low conversions of CO and O2, together with unreacted H2

outlet, one could infer that or Fe/CeO2 are unable to adsorb

both CO and H2 (or it can be done in very small portions) or the

material surface is quickly covered by CO in the temperatures

studied. Both CO conversion and CO2 selectivity curves obey a

volcano-type profile for Pt/CeO2, indicating a limitation in the

CO-PROX performance at ambient temperature. In such con-

ditions, the CO conversion is very poor (6% of conversion and

27% of CO2 selectivity). However, the CO conversion increases

with the temperature increasing up to 75 �C. This behavior

was already expected since carbon monoxide strongly blocks

platinum sites at lower temperatures, thus hampering the

oxygen adsorption (see the low O2 conversion at 20 �C e

Fig. 3d, red line). Hence, based-platinum materials are typi-

cally inactive at ambient temperatures [29,51,52]. The inter-

action of PteCO weakens as the temperature increases, and

then oxygen and carbon monoxide can compete onto plat-

inum sites. The proximity of these adsorbates on Pt/CeO2

promotes the increase of CO2 formation, releasing occupied

https://doi.org/10.1016/j.ijhydene.2021.02.192
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Fig. 3 e CO-PROX reaction performance of a) Fe/CeO2, b) Pt/CeO2, c) PtFe/CeO2 and d) O2 conversion for Fe/CeO2 (blue line), Pt/

CeO2 (red line) and Pt20Fe/CeO2 (green line). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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sites for subsequent adsorption processes. At 75 �C, the

maximum conversion was about 40% with almost 40% of CO2

selectivity. In higher temperatures, CO desorption occurs, and

hydrogen adsorption can take place, resulting in a drop of the

CO conversion. Consequently, the CO2 selectivity decreases

because of the formation of water by hydrogen oxidation. This

situation is evidenced by the O2 conversion, which main-

tained 100% in temperatures above 75 �C. Surprisingly, Pt20Fe/
CeO2 behaves quite differently. It is interesting to note that,

although structural details of the obtained Fe species missed

in TEM and XRD analyses, the CO-PROX activity by itself is an

elegant evidence that not only relates the Pt and Fe presence

in the catalyst, but also demonstrate their intimal contact on

CeO2 support - as also found in H2-TPR and ICP data. More

importantly, such a synergetic combination is beneficial for

CO-PROX performance at ambient temperature, providing a

significant improvement compared to the Fe/CeO2 and Pt/

CeO2 limited counterparts. The CO conversion is about 99.6%,

with 92.3% of CO2 selectivity. At 50 �C, the CO conversion

slightly decreases to 95% with about 89% of CO2 selectivity.

Unlike most PtFe-based reported materials (see Table 2), the

Pt20Fe/CeO2 was very active at low temperatures. At temper-

ature higher than 75 �C, the activity drops to 70% of conversion

and 63% of selectivity. This behavior is frequently verified in

other reports [23,35]. It is worthmentioning that Pt20Fe/CeO2 is

not limited by the oxygen activation in lower temperatures, as

observed for Pt/CeO2 and Fe/CeO2 catalysts. Thus, oxygen

consumption needed to achieve satisfactory conversions in

lower temperatures can avoid the complete CO blockage

(Fig. 3d). The hydrogen oxidation also took place at tempera-

tures higher than 75 �C; however, Pt20Fe/CeO2 is 75% more

active than Pt/CeO2 and 68% more selective to CO2, with

similar O2 conversions. This means that the addition of small

amounts of Fe species not only drives structural modifications
that improve the PteCO interaction at higher temperatures

compared to Pt/CeO2, but it also provides a scenario that

matches the 50:50 fuel cell requests in CO-PROX reaction at

20 �C. Two other factors may have also contributed mutually

to the excellent Pt20Fe/CeO2 performance: the metal-support

interaction and size of the nanoparticles. For Gatla et al. [22]

the amount of oxygen vacancies is increased for CeO2 at a

nanosized level. They reported an elongated PteO bond dis-

tance in the PteOeCe link of PtNPs (of about 1 nm) dispersed

on nanosized CeO2, resulting in easily removable oxygen,

which could be extremely desirable for CO oxidation at low

temperatures. For Ganzler et al. [53], the interface of Pt and

CeO2 sites can be tuned by controlling the size of the PtNPs.

They demonstrated that Pt particles up to 2 nm not only

induced modifications in the reducibility characteristics of

CeO2 but also provided an intimate interaction with the oxide,

which can activate the redox chemistry and enhance the low-

temperature CO oxidation reaction.

To contextualize Pt20Fe/CeO2 proposed herein, we high-

light synthesis details, and the catalytic performance of the

most efficient PtFe materials for CO-PROX reaction reported

up to date. It is important to point out the difficulty in estab-

lishing proper comparisons since structural/composition

characteristics of the materials [24,25,32] and the operational

conditions at which CO-PROX reacts (such as inlet composi-

tion [24], l and WHSV [23] dramatically affect the perfor-

mance). Importantly, the last two variables can even

distinguish whether or not the material fulfills the 50:50 Goal,

in such a way that higher conversions at lower temperatures

are found for lesser WHSV and higher l [23]. The most noto-

rious CO-PROX performances have pointed out that the Pt:Fe

ratio is regulated higher than 1 or even employ Fe in trace

levels [25,32,35,39,40]. Table 2 showsmaterials synthesized by

different approaches, in which several Pt:Fe ratios are
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Table 2 e Comparison of the catalytic performance of PtFe-based materials for CO-PROX reaction reported in the literatu

Method Catalyst
composition

Pt
loading

(%)

Catalyst
treatment

process before
reaction

Particle
size
(nm)

Feed
composition (vol

%)

Space
velocity

O2/CO
ratio

x
a (�C) CO

conversion
(%)

CO2 selectivity
(%)

Ref.

Microemulsion Pt@Fe3O4@

SiO2

4 calcined at 550 �C
for 2 h

20 1.5% CO, 0.75% O2,

80% H2 and N2

e 0.5 00 51 60 [27]

Impregnation

[(C4H9)4N]2
[Pt3(CO)6]n

Pt/ɣ-Fe2O3

PtCO/ɣ-Fe2O3

2e4 heating from 30 to

200 �C, 40 min of

isothermal at

200 �C and cooling

until 60 �C

1.8 70e50% H2, 1e2%

O2, 1% CO,

0e15% CO2, 0e5%

H2O and He

100 mL min�1 2 7 80 86 [21]

Incipient

wetness

impregnation

Pt/Fe3O4 5 Calcinated at

300 �C
2 0.5%CO, 0.5%O2,

50%H2 balanced

with He

50 cm3 min�1 1 0 ~30 e [31]

Wet

impregnation

PtFex/C 4 2 h with 5% H2 at

400 �C
1.8e2.3 1% CO, 0.5% O2,

50% H2

80 mL g�1 h�1 0.5 0 100 ~40 [32]

Flame spray

pyrolysis

Pt/Fe2O3 5 Treated with H2/Ar

at 200 �C for 1 h.

1% CO, 2% O2, 88%

H2 in He

7640 h�1 2 00 >90 20 [33]

Calcination

(800 �C)
Pt/LaFeO3eCeO2 0.5e5 e 29 1%CO, 1,5%O2, 50%

H2 balanced with

Ar

e 3 100 99 95 [34]

Deposition of Fe

on Pt (111)

FeOx/Pt (111)/SiO2 e Annealing 200 �C in

UVH

2e4 1%CO, 0.5%O2, and

98.5%H2

36,000 mL g�1 h�1 0.5 0 95 95 [35]

Ethylene glycol Alloyed PtFex/Al2O3 e heating in a He and

H2 for 1 h at 400 �C
1e4 2%CO þ 40%

H2 þ 1%O2

balanced with He

40,000 cm3 g�1 h�1 0.5 40 ~45 40 [36]

Organometallic

synthesis

Na2Fe(CO)4
3/2C4H8O2 Pt

(COD)Cl2

Pt5Fe2/SiO2 1 heated to 350 �C 2 0.5%CO, 0.5%O2,

45%H2 balanced N2

120

L g�1 h�1

1 40 >90 ~50 [37]

Impregnation of

Pt/TiO2 in a

Fe(NO3)3
solution

1%FeOx/1%PtCeO2 1 Calcined at 400 �C
in air

e 3%CO, 1.5%O2, 20%

H2 balanced with

N2

100 mL min�1 0.5 60 90 ~80 [38]

Ion-exchange ([Pt

(NH3)4]Cl2 and

Fe(NO3)3)

PteFe/mordenite 0.5e4 N2/O2 flow at 300 �C
for 1 h, heated at

300 �C under H2

e 1%CO, 0.5%O2, and

H2 balance

50,000 h�1 1 0 90 95 [28]

Impregnation of

Pt/Al2O3 in a

Fe(NO3)3
solution

1%FeOx/1%Pt/Al2O3

100%FeOx/1%Pt/Al2O3

1 Calcined at 400 �C
in air

e CO, H2, and O2:

1.5:20:3 mL/min�1

1470 mL h�1 2 0

10

~40

~30

~50 [29]

(continued on next page)
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erved, mostly containing about 0.5e2% metallic loading,

similar to the Pt20Fe content of the current catalyst.

Employing the same operational conditions of this present

study, we reported that Pt loadings up to 1% are also the best

compositions for Pt/CeO2 catalysts (prepared by ethylene

glycol reducing agent, with the same support) in terms of CO

conversion and CO2 selectivity [49]. Lou et al. [40] synthesized

PtFe/g-Al2O3 catalyst by a multistep method through a

modified adsorption approach by carefully pumping the

precursor solutions to the support with a controlled speed

rate and pH. Successive additional steps such as washing,

drying, and thermal treatments in a controlled atmosphere

were done before to CO-PROX reaction. Despite the

complexity of the preparation, their catalyst showed efficient

performance (100% of CO conversion and 50% of O2 selec-

tivity) at a range of temperature upon oxygen excess (l ¼ 2)

and 50% of H2 in He-balanced inlet condition (comprising one

of the lowest values of WHSV, 20 L h�1 g�1). Fu et al. [35]

proposed a high platinum-loaded PteFe/SiO2 catalyst (4% wt.

Pt loading and 0.5% of Fe, though a modified sol-gel method),

which also involved additional procedures of thermal and

atmosphere treatments. They reported 100% of CO conver-

sion at RT condition, l ¼ 1 and 36 L g�1 h�1, but a significant

decrease in both conversion and selectivity was observed

with the temperature increasing until 500 K. Through a

thermal synthesis method, Zhang et al. [32] prepared a class

of PtFex/C catalysts (also comprising 4% wt. Platinum, but

with different Fe compositions), combining ethylene glycol,

temperature, inert atmosphere pressurization and pH assis-

ted conditions during the synthesis steps. They reported CO

conversion values around 100% at 40e50 �C (and at least 85%

in the temperature range of 160 �C) employing one specific Pt/

Fe atomic composition, l¼ 1 and 80 L g�1 h�1. Lopez et al. [23]

prepared 5% platinum loaded PteFe3O4/a-Al2O3 by a multi-

step thermal synthesis using a rotatory oven, atmosphere,

pH, temperature and time conditions, and a range of chem-

icals. They found about 100% CO conversion at 20e40 �C with

l ¼ 2 and 30 L g�1 h�1 and 70e80% in the stability test,

achieving 40% of CO2 selectivity under l ¼ 2 with the same

WHSV stream. Cao et al. [39] reported the deposition of

different Fe multilayers on selective Pt sites of Pt/SiO2

through the sophisticated Atomic Layer Deposition (ALD)

technique. Values of 100% in CO conversion and selectivity

were found in a temperature range of 250e300 K, withWHSV

varying from 36 to 288 L g�1 h�1 with 1% CO, 0.5% O2, and 48%

H2 He-balanced feed.

We believe that these are the best PteFe catalytic reports,

which successfully overcome the 50:50 Goal for hydrogen

purification at ambient conditions. In general, the successful

ratio in CO-PROX catalysis is scarce, and it is notable that the

highlighted materials depend on syntheses involving rather

complex procedures and/or larger quantities of precious

metal, demanding higher costs and time. On the other hand,

the Pt20Fe/CeO2 produced by the simple borohydride strategy

did not require many chemicals or post-synthesis treatment

to achieve high performance in conditions at which the

major of the Pt-based catalysts fail.

To study the stability of Pt20Fe/CeO2, the deactivation

was monitored periodically in 100 consecutive tests during

27.5 h of uninterrupted observation. The stability was

https://doi.org/10.1016/j.ijhydene.2021.02.192
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conducted after the catalytic reactor bed cooled, reaching the

temperature of 20 �C from the performance experiment of

Fig. 3c. It is noted that CO conversion gradually decreased

with stream time, and values of about 80% were observed at

the end of the test (Fig. 4a). Despite the CO conversion drop,

the CO2 selectivity increased to 100%, and it was maintained

after the third injection at 25min of the stream time, in a way

that the selectivity was not compromised by the CO con-

version drop. The O2 conversion (Fig. 4b) also decreased with

the stream time, following the CO conversion trend. Lopez

et al. [23] reported similar deactivation results for 4.9% wt Pt

PteFe3O4eAl2O3 during 25 h on stream, but it was conducted

at 85 �C with 60 L g�1 h�1 instead of 25e50 �C and 30 L g�1 h�1

(conditions at which the best performance was found before

the deactivation). They observed CO2 selectivity values

almost constant (around 40%) and CO conversion drop in the

order of 10% (initially found in 80%) after 25 h at 85 �C with

l ¼ 2. The deactivation reason was attributed to the

adsorption of components likely from the H2 oxidation at

85 �C after “regenerating” the deactivated sample by heating

at 230 �C for 3 h. Indeed, as previously commented, the

temperature increasing accelerates the competition between

CO and H2 for the Pt sites, thus facilitating the H2 oxidation.

However, the regeneration procedure did not fully restore

the proprieties of the non-deactivated material since CO

conversion decreased and CO2 selectivity increased

(approximately 5 and 25%, respectively) at

temperatures < 40 �C, which may indicate that water for-

mation is the imperative but not an exclusive reason for

PteFe3O4eAl2O3 deactivation. Considering our CO2 selec-

tivity results, the formation of water is not the main reason

for deactivation. Besides, sintering effects and carbon

deposition onto nanoparticles surface could also be unlikely

causes, considering the temperature employed. Instead, it is

reasonable to expect the oxygen present in the inlet causes

gradual changes in the catalyst structure, thus leading to a

slow deactivation. Zhang et al. [25] evaluated the deactiva-

tion of allowed Pt0$71Fe0.23 catalyst by submitting it to oxygen

and CO treatments. They found a dramatic decrease in both

CO and O2 conversions after pre-treating the material with

O2, while small changes were observed after the CO pre-

treatment in conditions of l ¼ 2 and WHSV ¼ 20 L g�1 h�1.

By comparing the untreated and pre-treated catalytic per-

formances and quasi-in situ XPS data, the authors attributed

that the deactivation was ruled by the oxidation of Fe species
Fig. 4 e Long-term performance of Pt20Fe/CeO2 along 100 consec

selectivity and b) O2 conversion.
rather than Pt oxidation or poisoning. In addition, different

amounts of O2 were also tested without pre-treatments, and

the relative deactivation was found more intense as l

increased during 7.5 h of stream time. Interestingly, for both

untreated and pre-treated cases, higher CO conversion

values were found compared to O2 conversions, except for

the case of l ¼ 1, but no related commentaries were drawn.

By changing the support to TiO2, the CO-PROX stability was

improved. It is expected TiO2 can better activate oxygen, thus

maintaining the PtFe nanoalloy more stable than that in the

case of Al2O3 substrate. It is important to point out that our

material exhibited similar performances, although no alloy

may be formed (since there was no treating step in the syn-

thesis and the material was not submitted to temperatures

higher than 150 �C in the CO-PROX experiment). This means

that the combination of platinumwith another Fe species are

equally important for CO oxidation, such as evidenced by

Ref. [39], in which monolayers of ionic Fe species that were

ALD introduced on Pt sites of Pt/SiO2 catalyst are responsible

for boosting the CO oxidation. The authors also considered

that Fe (OH)x species are inactive in the absence of Pt (as

observed for our Fe/CeO2 material), and the support can

enable strong PteFe (OH)x interactions that could provide

stable sites for CO-PROX reaction. These contributions

confirm the importance of an optimum interaction between

Pt with Fe phases on the support interface for redox chem-

istry that involves the oxygen activation at low tempera-

tures. In line with the literature [32,40,54e56], we trust that

the improved performance of the Pt20Fe/CeO2 is attributed to

the Pt and FeOx interaction, thus leading to a weakening of

the interaction of CO at Pt sites and the activation of oxygen,

especially on FeOx species at ambient temperature. On the

other side, considering the stability tests of Pt20Fe/CeO2 and

that of Pt/CeO2 [49], one can assume that Fe species of Pt20Fe/

CeO2 are themain responsible for the performance drop with

time, given the same operating conditions and structural

similarities of both materials. In this sense, it is highly

acceptable for iron species to change, due to the oxygen in

the inlet flow, then becoming species with a higher oxidation

state, for example, from Fe2þ to Fe3þ. Fe2þ acts as actives sites

for oxygen activation, whereas the same process is seriously

hampered on Fe3þ [25], decreasing the oxygen conversion

ability. It is noted that although Pt20Fe/CeO2 had the CO2

selectivity unaltered, the O2 conversion has progressively

decreased over time, thus leading to a gradual loss of
utive reaction injections at 20 �C. a) CO conversion and CO2
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performance during CO-PROX reaction, likely due to the

formation of Fe3þ; however, further studies are needed to

confirm this hypothesis.
4. Conclusions

Fe/CeO2, Pt/CeO2, and Pt20Fe/CeO2 were synthesized without

any pre-treatments by a facile sodium borohydride approach

and were applied for CO-PROX reaction. The obtained mate-

rials presented disperse PtNPs with size of 2.7 and 2.8 nm. The

incorporation of a small amount of Fe in Pt20Fe/CeO2 catalyst

resulted in high performance in terms of CO conversion and

CO2 selectivity at 20 �C. This performance could be attributed

to the synergetic interaction between Pt and Fe with CeO2

support, favoring the O2 activation in low-temperature con-

ditions in the Pt20Fe/CeO2 interface. More studies about the

effects of atomic content and synthesis conditions on cata-

lytic performance are in progress to assess the influence of Pt

and Fe in CO-PROX catalysis.
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