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Revealing sulfur-resistant Pt—CeO, interfacial
sites for water—gas shift catalysts toward
waste-to-hydrogen

Ga-Ram Hong, Kyoung-Jin Kim, Bong-Gyeong Shin and Hyun-Seog Roh & *

The effects of introducing various transition (Nb, Mo, W, and Re) and nontransition (Al, Ga, Sn, and Pb)
metal promoters into Pt/CeO, catalysts on sulfur tolerance, catalytic activity, and regeneration behavior
during waste-to-hydrogen conversion processes were investigated. Although the impact of promoter
addition depended on the metal species, all promoters interacted with both the active metal and the
CeO, support, inducing interfacial reorganization and generating additional oxygen defects, thereby
enhancing the oxygen storage capacity of the Pt/CeO, catalysts. Mobile oxygen species present on the
catalyst surface can react with sulfur species adsorbed at active sites, facilitating their oxidation and de-
sorption and contributing to catalytic regeneration. Catalytic evaluations revealed that only transition
metal-doped Pt/CeO, catalysts maintained enhanced oxygen mobility under sulfur-containing conditions
through strong Pt—O-Ce interfacial interactions, resulting in a significant improvement in sulfur tolerance
and activity regeneration performance compared with the unpromoted Pt/CeO, catalyst. These findings
demonstrate that preserving a Pt—-O-Ce interfacial structure under sulfur exposure is an additional and
previously underappreciated requirement for achieving sulfur tolerance. This insight provides a foundation
for the development of highly durable catalyst systems applicable to waste-to-hydrogen technologies.

1. Hydrogen production from municipal solid waste via the water—gas shift reaction is a sustainable solution for a future hydrogen economy. However, waste-
derived synthesis gas presents critical challenges, including high CO concentrations, composition fluctuations due to diverse feedstock components, and
catalyst deactivation caused by sulfur impurities. This work proposes a durable catalyst design strategy for efficient waste-to-hydrogen conversion.

2. The Nb- and W-promoted Pt/CeO, catalysts achieved up to 93% of the equilibrium CO conversion under sulfur-free conditions with waste-derived synthesis
gas. The catalysts maintained over 60% CO conversion under continuous exposure to 1000 ppm H,S and recovered most of their initial activity after sulfur
injection was stopped. More importantly, this study identified the catalytic characteristics responsible for high sulfur tolerance.

3. Future research should focus on maintaining durability and sulfur tolerance at lower operating temperatures for on-site industrial system applications.

1. Introduction

to generate heat and electricity." However, with the introduc-
tion of advanced thermochemical processes such as gasifica-

As the transition toward carbon-neutral energy systems acceler-
ates, global interest in hydrogen as a clean energy carrier
capable of replacing fossil fuels has steadily increased." In this
context, growing attention has been directed toward waste-to-
hydrogen technologies, one of the waste-to-energy approaches,
as sustainable resource-circulating energy systems that can
simultaneously address increasing waste management chal-
lenges and rising energy demand.'” Conventional waste-to-
energy technologies typically involve the incineration of waste
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tion and pyrolysis, waste can be converted into fundamental
chemical building blocks (CO, H,, or hydrocarbons) rather
than being burned, enabling the production of value-added
materials and clean fuels such as hydrogen.>” Among these
approaches, gasification enables the conversion of municipal
solid waste into synthesis gas primarily comprising CO and
H,.>® Such waste-to-hydrogen processes aim to convert waste-
derived synthesis gas into hydrogen-rich streams through
downstream catalytic reactions, supporting efficient resource
utilization. To enable the use of hydrogen from waste in fuel
cell applications, CO removal is essential, while controlling the
H,/CO ratio is also required for downstream synthesis of value-
added materials. Given these requirements, the water-gas shift
(WGS, CO + H,0 < H, + CO,) reaction plays a key role by con-
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verting CO into CO, while producing additional hydrogen.””®
However, waste-derived synthesis gas exhibits fluctuations in
composition due to feedstock heterogeneity and contains sub-
stantially higher CO concentrations (up to ~40%) and impuri-
ties (e.g., sulfur species, <0.1%) than synthesis gas from
natural gas reforming (~10% CO), which act as catalyst
poisons that severely inhibit WGS activity and compromise the
stability of sustainable hydrogen production.>®° Accordingly,
the development of impurity-tolerant WGS catalysts is essen-
tial for ensuring stable and sustainable hydrogen production
from waste-derived resources.

Pt/CeO,-based catalysts have been studied for the WGS reac-
tion owing to their high intrinsic activity, as the redox properties
of ceria and the metal-support interaction (MSI) at the Pt-CeO,
interface enhance oxygen mobility and promote the Mars-van
Krevelen mechanism.'®"? CeO,-based materials exhibit high
oxygen storage capacity (OSC) arising from reversible Ce**/Ce**
redox transitions, which is known to enhance WGS activity by
facilitating H,O dissociation and redox cycling."”® Previous
studies have shown that highly dispersed Pt active sites sup-
ported on CeO, with high OSC can promote the oxidation and
removal of adsorbed sulfur species by mobile oxygen, thereby
mitigating sulfur-induced catalyst deactivation."*™°

The rational modulation of the metal-support interface
through promoter addition represents an effective strategy for
simultaneously controlling oxygen vacancy formation and elec-
tronic interactions. Metal promoters can function as textural,
structural, or guard promoters, thereby regulating metal-
oxygen bond strength, surface hydroxyl concentration, and the
number of accessible active sites. However, certain metal
dopants can instead deteriorate catalytic activity, highlighting
the importance of understanding the intrinsic properties of
the constituent materials and their mutual interactions.
Transition metals can serve as additives to regulate the metal-
support interfacial structure and catalytic performance.>’™*
For instance, the addition of niobium to CeO,-based catalysts
substitutes Ce** with Nb>*, thereby promoting electron exci-
tation, which modifies the electron density at the metal-
support interface.’?" Molybdenum addition to Pt catalysts
forms interfacial active sites favorable for water activation at
the interface between Pt and Mo species.>* Wang et al. demon-
strated that tungsten acts as an effective electronic and struc-
tural promoter, enabling fine tuning of the local environment
of Pt.** Rhenium has been reported to improve catalyst stabi-
lity and activity by preventing Pt nanoparticle sintering and
providing additional pathways for water activation and oxygen/
hydroxyl transfer.”»**> Conversely, non-transition metals can
also serve as additives to induce oxygen defects or enhance the
structural stability of the catalyst.>**™" Aluminum is widely
used as a support in WGS reactions because it provides Lewis
acid sites to promote water dissociation while increasing cata-
lyst surface area and thermal stability.>® Vecchietti et al.
reported that the introduction of gallium into Pt/CeO,-based
catalysts can efficiently control oxygen vacancies within the
support.”” Tin possesses reversible redox behavior (Sn**/Sn**),
similar to CeO,, allowing modulation of the electronic struc-
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ture when combined with the CeO, support.’®**° Lastly, lead
deposited on the catalyst surface as an additive can secure
reaction catalytic selectivity and stability by regulating the
active sites.’>*! The general relationship between the charac-
teristics of metal dopants and their influence on sulfur resis-
tance in platinum-based catalysts remains unclear. A systema-
tic understanding of this relationship is essential for the
rational selection of promoters in the design of sulfur-tolerant
WGS catalysts.

In this study, various transition and nontransition metal pro-
moters were introduced to Pt/CeO,-based WGS catalysts to
enhance sulfur tolerance and regeneration behavior under
waste-derived synthesis gas. Furthermore, this work systemati-
cally investigates the in situ regeneration capabilities of these
catalysts, aiming to extend their lifespans without relying on
chemical reactivation processes or frequent catalyst disposal.
Despite their practical importance, the durability and regener-
ation characteristics of Pt/CeO,-based catalysts under sulfur-
containing WGS conditions relevant to waste-derived synthesis
gas remain insufficiently understood. Therefore, this work sys-
tematically compares promoter effects under identical prepa-
ration and reaction conditions, and the catalysts were evaluated
under harsh WGS conditions, including reactant compositions
simulating actual gasification-derived synthesis gas, high gas
hourly space velocities, and H,S concentrations exceeding
1000 ppm. This study provides mechanistic insights into pro-
moter-dependent structure-performance relationships and pre-
sents design guidelines for durable Pt/CeO,-based WGS cata-
lysts suitable for waste-derived synthesis gas applications.

2. Experimental

2.1. Synthesis of supports and catalysts

2.1.1. Synthesis of the CeO, support. The CeO, support
was prepared by a precipitation method. Cerium nitrate hexa-
hydrate (Ce(NO;);-6H,0, 99%; Sigma-Aldrich) was dissolved in
500 mL of distilled water and then heated to 80 °C under con-
tinuous stirring. When the Ce precursor solution reached
80 °C, 15% KOH (95%j; Samchun Chemicals) was added at a
rate of 50 mL min~" in a stoichiometric amount as a precipitat-
ing agent. After digestion for 72 h at 80 °C, the resulting pre-
cipitate was cooled to room temperature and purified by five
sequential washings with distilled water to eliminate residual
impurities. The washed precipitate was then oven dried at
100 °C for 12 h, followed by calcination in a furnace at 500 °C
for 6 h to yield CeO, powder.

2.1.2. Synthesis of the Pt/CeO, catalyst. The Pt/CeO, cata-
lysts were prepared by impregnating Pt onto the as-prepared
CeO, support using the incipient wetness impregnation
method, with the Pt loading fixed at 1 wt%.
Tetraammineplatinum(u) nitrate ([Pt(NH;),](NO3),, 50% Pt
basis; Sigma-Aldrich) was dissolved in distilled water and de-
posited dropwise onto the CeO, support. The impregnated
samples were dried at 100 °C for 12 h and subsequently cal-
cined at 500 °C for 6 h.

This journal is © The Royal Society of Chemistry 2026
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2.1.3. Synthesis of Me/Pt/CeO, catalysts. Promoter metals
were introduced onto the pre-synthesized Pt/CeO, catalyst
using the incipient wetness impregnation method. Transition
metals (Nb, W, Mo, and Re) and nontransition metals (Al, Sn,
Ga, and Pb) were employed as promoters, and the promoter
loading was fixed at 2 wt% for all samples. Stoichiometric
amounts of niobium(v) oxalate hydrate (Nb(HC,0,)s-xH,O,
19.9% Nb,Os; Alfa Aesar), ammonium molybdate tetrahydrate
((NH4)6Mo0,0,4-4H,0, 99%; Sigma-Aldrich), ammonium meta-
tungstate hydrate ((NH4)sHoW15040-XxH,0, 99.99%; Sigma-
Aldrich), ammonium perrhenate (NH,ReO,, 99%; Sigma-
Aldrich), aluminum nitrate nonahydrate (Al(NO3)3-9H,0, 98%;
Sigma-Aldrich), gallium(m) nitrate hydrate (Ga(NOs);-xH,0, 99;
Sigma-Aldrich), tin(iv) chloride pentahydrate (SnCl,-5H,0,
98%; Daejung), and lead(u) nitrate (Pb(NO3),, 99.999%; Sigma-
Aldrich) were dissolved in distilled water and used as precursor
solutions for impregnation. The resulting samples were oven
dried at 100 °C for 12 h and subsequently calcined at 500 °C
for 6 h. The final catalysts were designated as Me/Pt/CeO, (Me
= Nb, Mo, W, Re, Al, Ga, Sn and Pb).

2.1.4. Synthesis of Me/CeO, samples. To examine the effect
of the promoter metals in the absence of Pt, CeO,-supported
promoter-only catalysts were prepared. The promoter loading
was fixed at 2 wt%. The same promoter precursors described
in section 2.1.3 were used, and the preparation procedure,
including impregnation, drying, and calcination, was identical
to that described in section 2.1.2. These samples are denoted
as Me/CeO,.

2.2. Characterization

The physicochemical properties of the support and all catalysts
investigated by X-ray diffraction (XRD) patterns,
Brunauer-Emmett-Teller (BET) analysis, pulsed CO-chemi-
sorption, H,-temperature-programmed reduction (H,-TPR),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
H,-0, pulse chemisorption, and in situ CO diffuse reflectance
infrared Fourier transform spectroscopy (CO-DRIFTS). The
detailed characterization procedures are described in the SI.

were

2.3. Catalytic evaluation

The catalytic activity for the WGS reaction was evaluated in a
fixed-bed quartz reactor (4 mm inner diameter) placed inside a
furnace. Quartz wool was used as a support layer, and catalysts
were loaded on top of this for the reaction. A K-type thermo-
couple was positioned at the catalyst bed to directly monitor
the catalyst temperature. Before the reaction, the catalyst
samples were reduced in situ at 400 °C for 1 h under the flow
of a 5% H,/N, gas mixture at ambient pressure. The reaction
was performed using a feed gas mixture simulating the compo-
sition of waste-derived synthesis gas from a municipal solid
waste gasifier.’> The premixed gas (CO: 38.4 vol%, H,: 28.6
vol%, CO,: 21.8 vol%, N,: 8.9 vol%, and CH,: 2.3 vol%,
Kyungwon Oxygen Co., Ltd) and steam were introduced into
the reactor through mass-flow controllers and a syringe pump,
respectively. Water vapor was preheated to 180 °C using a
heating coil before injection. The steam-to-carbon ratio was

This journal is © The Royal Society of Chemistry 2026
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maintained at 2.0. The catalytic activity test was conducted at
temperatures ranging from 350 to 500 °C in 50 °C intervals
under a gas hourly space velocity (GHSV) of 46000 h™'. To
evaluate the sulfur resistance of the catalysts, sulfur tolerance
tests were conducted at 400 °C by continuously introducing
H,S at a concentration of 1000 ppm into the feed gas for 12 h.
Subsequently, to assess the long-term stability and regener-
ation behavior under more severe sulfur conditions, the H,S
concentration was increased to 1500 ppm, and a 4-cycle sulfur
on/off switching test was performed by alternately supplying
and cutting off H,S while monitoring the catalytic activity and
regeneration capability. After removal of residual H,O and
sulfur-containing species in the outlet line, the product gas
was analyzed using online micro-gas chromatography (Micro
GC Fusion, Inficon). The gas analysis system was equipped
with two columns. Column A utilized a 10 m Rt-Molsieve 5A
column operated at 90 °C and 20 psig with a thermal conduc-
tivity detector (TCD) and Ar carrier gas to detect H,, N,, CH,,
and CO. Column B utilized a 12 m Rt-Q-Bond column operated
at 60 °C and 20 psig with a TCD and He carrier gas to detect
CO,. All components were quantified following calibration
with standard gas mixtures, and the peak areas were converted
to mole fractions using component-specific response factors.
The CO conversion, CO, selectivity and CH, selectivity were
determined according to the following equations:

[CO] in [C O] out

CO conversion (%) = o]
in

x 100 (1)
[Coﬂout — [COZ]in

€02 selectivity () = e — [CHil) + ([CO)owr — (€Ol

x 100
(2)
.. _ [CH4]out _ [CH‘din
CH, selectivity (%) = ([CH4]0ut _ [CH4]in) + ([Coz}out - [COz]in)
x 100
3)

3. Results and discussion

3.1. Catalytic performance in the WGS reaction

Pt/Ce catalysts doped with various transition and nontransi-
tion metals were applied to the WGS reaction using waste-
derived synthesis gas. The WGS performance of all prepared
catalysts, evaluated in the temperature range of 350-500 °C, is
shown in Fig. S1. The unpromoted Pt/Ce catalyst exhibited a
high CO conversion of >85% across the entire temperature
range (350-500 °C). The incorporation of Nb, W, Al, and Ga
not only preserved the originally high CO conversion of the Pt/
Ce catalyst but also led to enhancements at specific tempera-
tures. In contrast, several other metals (Mo, Re, Sn, and Pb)
led to lower CO conversion of the catalyst, indicating that pro-
moter effects depend on the chemical properties of the added
metals. Fig. 1(A) shows the catalytic performance of the repre-
sentative Me/Pt/Ce catalysts (Me = Nb, W, Al, and Ga) with
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Fig. 1 Catalytic performance of Pt/Ce catalysts with various metal pro-
moters. (A) CO conversion as a function of temperature; (B) CO conver-
sion as a function of time following the injection of 1000 ppm H,S at
400 °C. Reaction conditions: H,O/(CH; + CO + CO,) = 2.0; GHSV =
46000 mLgth™

these selected metal promoters. All selected catalysts exhibited
excellent CO conversions approaching the equilibrium over the
entire reaction temperature range (350-500 °C), as shown in
Fig. 1(A). No side reactions, particularly CO methanation (CO +
3H, —» CH, + H,0), were observed for any of the catalysts
(Fig. S2).

To consider the presence of sulfur impurities in waste-
derived feed gas, the selected catalysts were evaluated under
sulfur-containing reaction conditions.” Sulfur is known to act
as a strong poison for most metal catalysts, leading to rapid
deactivation.”*** The sulfur tolerance of the Me/Pt/Ce catalysts
was examined at 400 °C in three stages, as illustrated in Fig. 1
(B): (i) initial activity test (0-1 h), confirmation of the baseline
WGS performance under sulfur-free conditions; (ii) sulfur-tol-
erance test (1-13 h), evaluation of the catalytic activity under
continuous injection of 1000 ppm H,S for 12 h; and (iii) cata-
Iytic activity-regeneration test (13-17 h), observation of the
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recovery behavior after sulfur injection was stopped. The CO
conversion values shown in Fig. 1(B) correspond to representa-
tive data points measured at the end of each stage after 1, 13,
and 17 h. These three stages were performed continuously for
a total of 17 h, and the time-dependent changes in CO conver-
sion are shown in Fig. S3. All catalysts showed high CO conver-
sion rates of more than 90% under initial conditions, consist-
ent with the results shown in Fig. 1(A). However, after introdu-
cing 1000 ppm H,S, all Pt/Ce-based catalysts underwent rapid
deactivation. The Nb- and W-promoted catalysts maintained
CO conversion rates above 60%, which were ~15% higher than
the unpromoted Pt/Ce catalyst. In comparison, the Al- and Ga-
promoted catalysts showed a decrease in CO conversion to
about 40%. After stopping the sulfur injection under continu-
ous reactant flow, all catalysts exhibited a recovery trend in CO
conversion. It has been reported that the desorption of sulfur
species accelerates significantly at around 300 °C.***® Given
that the reaction temperature in this study (400 °C) is
sufficiently high, stopping the sulfur feed promotes sulfur de-
sorption. Under sulfur-free conditions, the adsorbed sulfur
can react with spillover oxygen, H,, and CO in the feed stream
and gradually desorb from the active sites, leading to the
recovery of catalytic activity. Notably, the Nb- and W-added cat-
alysts recovered most of their initial catalytic activity, demon-
strating excellent sulfur resistance and regeneration ability.
Although the Al-promoted catalyst exhibited the most severe
deactivation upon sulfur poisoning, it recovered over 90% of
its original CO conversion, showing a higher regeneration rate
than the Pt/Ce catalyst. In contrast, the Ga-promoted catalyst
showed the lowest regeneration rate among all catalysts, with
the recovered CO conversion remaining below 70%, indicating
substantially diminished catalytic activity. Additionally, no
side reactions were observed in any of the catalysts (Fig. S4).

3.2. Structural and redox properties of promoted Pt/Ce
catalysts

Fig. 2(A) shows the XRD patterns of all the prepared CeO, sup-
ports and Me/Pt/Ce catalysts. All catalysts exhibited the fluorite
cubic structure of cerium oxide (PDF-ICDD #34-0394), and no
diffraction peaks corresponding to Pt and promoter (Nb, W, Al,
and Ga)-related species were observed. This can be attributed
to the relatively low metal loadings, with Pt and the promoter
metals present at 1 wt% and 2 wt%, respectively. In addition,
this behavior may be associated with the partial incorporation
of Pt and promoter metals into the ceria lattice, since the ionic
radii of Pt (Pt*" = 0.63 A and Pt>" = 0.80 A), W*" (0.60 A), Nb**
(0.64 A), AI** (0.54 A), and Ga®' (0.62 A) are smaller than that
of ceria lattice cations (Ce*" = 0.97 A and Ce** = 1.28 A).>*™*°
Therefore, the absence of Pt- and promoter-related diffraction
peaks is attributed to one or a combination of the following
factors, including low metal contents, partial incorporation of
the metal species into the ceria lattice, and high dispersion as
nanosized or amorphous species below the XRD detection limit.

The specific surface areas of the CeO, support and the Me/
Pt/Ce catalyst are summarized in Table 1. The CeO, support
exhibited a BET surface area of 161 m> g~'. All the prepared

This journal is © The Royal Society of Chemistry 2026
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Table 1 Physicochemical properties of the CeO, support and Pt/Ce
catalysts with various metal promoters

Surface area® Pore volume® Pt dispersion”

Catalyst (m>g™) (em® g™ (%)
CeO, 161 0.418 —

Pt/Ce 124 0.385 104
Nb/Pt/Ce 106 0.263 129
W/Pt/Ce 112 0.340 156
Al/Pt/Ce 93 0.276 101
Ga/Pt/Ce 107 0.309 82

“Estimated from N, adsorption at —196 °C. ? Estimated from pulsed
CO-chemisorption.

catalysts exhibited a lower specific surface area than that of the
CeO, support because they underwent a subsequent high-
temperature calcination step after the active metal was loaded
onto the support. Specifically, after the preparation of the
CeO, support, Pt was impregnated and calcined to form the
Pt/Ce catalyst, followed by promoter impregnation and a sub-
sequent calcination step to obtain the Me/Pt/Ce catalysts.
Compared with the Pt/Ce catalyst containing only 1 wt% Pt,
the Me/Pt/Ce catalysts with an additional 2 wt% promoter
exhibited a more pronounced decrease in specific surface area.
Among these, the W/Pt/Ce catalyst maintained the highest
specific surface area, whereas the Al-promoted Pt/Ce catalyst
showed the largest decrease. All catalysts exhibited type IV
adsorption-desorption isotherms with hysteresis loops in the
P/P, range of 0.7-1.0 (Fig. S5), indicating the presence of meso-
pores between particles.*'

This journal is © The Royal Society of Chemistry 2026

(A) XRD patterns of the reduced CeQO, support and Pt/Ce catalysts with various metal promoters. Pulsed CO-chemisorption curves of (B) the
Me/Ce samples and (C) Me/Pt/Ce catalysts with various metal promoters.

Table 1 lists the Pt dispersion values calculated from pulsed
CO-chemisorption measurements. The Pt dispersion was cal-
culated assuming a 1:1 stoichiometric adsorption of CO on
surface-exposed Pt atoms. The calculated Pt dispersions
exceeded 100% for most catalysts, indicating that the actual
dispersion was overestimated. The excessive CO uptake com-
monly observed in noble metal catalysts supported on cerium-
based oxides is associated with the redox property of
Ce0,.*™** In particular, CO adsorbed at Pt active sites can
react with mobile surface oxygen of CeO, via oxygen reverse
spillover, leading to an apparent overestimation of the Pt
dispersion.*>*> To further clarify the contributions of the CeO,
support and the promoters to this overestimation, Me/CeO,
samples were prepared and subjected to pulsed CO-chemisorp-
tion measurements. Fig. 2(B and C) presents the CO pulse pro-
files of the CeO, support, Me/CeO, samples, and Me/Pt/CeO,
catalysts as a function of time. The CeO, support reached
adsorption saturation after the very first CO pulse, confirming
that CeO, alone scarcely adsorbs CO at 50 °C (Fig. 2(B)).
Similarly, all Me/CeO, samples exhibited negligible CO uptake.
In contrast, as shown in Fig. 2(C), clear CO adsorption signals
were observed for both Pt/CeO, and Me/Pt/CeO, catalysts,
demonstrating that CO adsorption occurs primarily in the
presence of Pt active sites. In terms of calculated Pt dispersion,
W/Pt/Ce exhibited the highest value (156%), followed by Nb/Pt/
Ce (129%), Pt/Ce (104%), Al/Pt/Ce (101%), and Ga/Pt/Ce (82%).
The W- and Nb-promoted catalysts demonstrated significantly
enhanced dispersion relative to the Pt/Ce catalyst, whereas the
Al- and Ga-promoted catalysts exhibited decreased dispersion,

with the Ga/Pt/Ce catalyst showing the lowest value.
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Accordingly, the observed differences in CO uptake among cat-
alysts with identical Pt loadings indicate promoter-induced
variations in the nature and extent of Pt—-CeO, interfacial inter-
actions. In the Pt-CeO, system, strong MSIs promote the for-
mation of Pt-O-Ce species, which facilitate rapid electron
transfer and lattice oxygen migration between the surface and
the bulk.*>*® CO adsorbed on Pt can, through activated Pt-O-
Ce interfacial sites, further react with CeO, surface oxygen
during CO-chemisorption measurements, leading to an appar-
ent overestimation of Pt dispersion.*> Pt dispersions exceeding
100% do not accurately represent the true geometric dis-
persion of Pt, but rather serve as an indirect indicator of the
reactivity of Pt-O-Ce interfacial sites that activate lattice
oxygen. Since catalytic reaction occurs on the catalyst surface,
dispersion is one of the key factors affecting catalytic activity.
Indeed, the results of the sulfur-resistance tests shown in
Fig. 1(B) exhibited a similar trend to that of Pt dispersion. The
Nb/Pt/Ce and W/Pt/Ce catalysts, which showed higher dis-
persion than that of the Pt/Ce catalyst, maintained high CO
conversion levels even under sulfur-injected reaction con-
ditions. Conversely, the Al/Pt/Ce and Ga/Pt/Ce catalysts, with
relatively low dispersion, showed lower activity than that of
the Pt/Ce catalyst after H,S injection. Overall, these results
indicate that promoter-modified Pt-CeO, interfacial inter-
actions not only influence CO adsorption behavior but also
contribute to maintaining catalytic activity under sulfur-poi-
soned conditions.

The reduction properties of the catalyst were investigated
using H,-TPR analysis. As shown in Fig. 3(A), the CeO, support
exhibited two reduction peaks divided into a broad peak
around 500 °C and a high-temperature peak above 700 °C. The
first peak corresponds to the reduction of CeO, surface
oxygen, and the second peak corresponds to the reduction of
bulk Ce0,."**” For the Pt/Ce catalyst, in which Pt is supported
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on a CeO, support, a distinct reduction peak appeared around
200 °C, accompanied by a significant decrease in the reduction
peak of the CeO, surface. This behavior indicates that Pt
doping promotes the reduction of CeO, surface oxygen via
oxygen reverse spillover, mediated by strong Pt-CeO, inter-
facial interactions, which is consistent with the pulsed CO-che-
misorption results.*>*” The low-temperature peak of the CeO,-
based Pt catalyst is assigned to the reduction of PtO, on the
surface, Pt species bonded to Ce through Pt-O-Ce bonds, and
surface oxygen on CeQ,.**>°

Fig. 3(B) shows that a main reduction peak was also
observed around 100-200 °C for all Me/Pt/Ce catalysts, with a
diminished surface reduction peak of CeO,. In general, the
stronger the MSI, the higher the temperature at which the
reduction peak appears.*”*° Compared with the Pt/Ce catalyst,
all promoter-added Pt/Ce catalysts showed reduction peaks at
lower temperatures. This downward shift of the low-tempera-
ture peak suggests that the Pt-Ce interaction was relatively
weakened upon promoter introduction. In contrast, the unpro-
moted Pt/Ce catalyst, lacking promoter effects, exhibits the
strongest Pt-O-Ce bonding among the prepared catalysts. The
Nb/Pt/Ce and W/Pt/Ce catalysts exhibited a strong peak at
206 °C, confirming that the Pt-CeO, interfacial interaction was
largely maintained. The Al/Pt/Ce and Ga/Pt/Ce -catalysts
showed main reduction peaks around 160 °C and 128 °C,
respectively. In particular, the Al- and Ga-modified catalysts
exhibit two or more weakly separated reduction peaks. This
indicates a relative weakening of the MSI, leading to the
sequential reduction of weakly bound Pt species and relatively
strongly bound Pt-O-Ce species on the CeO, surface at lower
temperatures.*”*® To confirm the effect of the promoters, Me/
CeO, samples without Pt were examined (Fig. 3(C)). When a
promoter was introduced, a tendency for the CeO, surface
reduction peak to shift to lower temperatures was observed.
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Fig. 3 H,-TPR profiles of the CeO, supports and Pt/Ce catalysts with various metal promoters. (A) CeO, support and Pt/Ce catalyst; (B) Me/Pt/Ce

catalysts; and (C) Me/Ce samples.
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Metal doping in CeO, can lower the surface defect formation
energy, leading to the generation of more labile oxygen species
at the surface.>"** In the case of the Nb/Ce and W/Ce samples,
the reduction peak moved to around 520 °C, and for the Al/Ce
and Ga/Ce samples, reduction proceeded at a lower tempera-
ture of about 494 °C and 390 °C, respectively. However, the
total reduction amount in all Me/CeO, samples was not signifi-
cantly different from that of pure CeO,. This observation indi-
cates that the promoters primarily modulate the reduction be-
havior of the CeO, surface by enhancing the reducibility of
surface oxygen, thereby facilitating its reduction at lower temp-
eratures. Although Al and Ga promoters enhance the reducibil-
ity of surface oxygen, as reflected by the lower reduction temp-
eratures in H,-TPR, this increased reducibility does not directly
translate into higher CO uptake. In conjunction with the
pulsed CO-chemisorption results, these observations indicate
that enhanced reducibility of the CeO, surface alone is not
sufficient to promote CO adsorption.

The structural characteristics of the catalysts were analyzed
using Raman spectroscopy, and the results are shown in
Fig. 4. All CeO,-based samples exhibited a strong peak at
~460 cm™, which corresponds to the F,; mode of fluorite-type
Ce0,."**”>* This vibration arises from the symmetric stretch-
ing vibration of the oxygen octahedra (O-Ce-O) surrounding
Ce*".'*"? The F,, band is regarded as a structure-sensitive indi-
cator that reflects changes in the CeO, crystal, such as defect
density, metal doping effects, or lattice distortion due to heat
treatment.>® The weak peak at 400 cm™" corresponds to the O-
Ce and Ce-O stretching vibration modes on the CeO, (111)
surface, which are attributed to a surface structure with low
symmetry.”> As shown in Fig. 4(A), the Pt/Ce catalyst exhibited
a decreased intensity and a shift of the F,, peak to lower wave-
number values compared with the bare CeO, support. This
indicates that Pt loading induces lattice distortion, leading to
the formation of oxygen vacancies accompanied by the partial
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reduction of Ce*" to Ce®".** These changes in the F,, band
imply that a fraction of Pt species is partially incorporated into
CeO, surface lattice sites, which is consistent with the XRD
results.">** In addition, the CeO, support showed only a weak
defect-induced D mode at 600 cm ™", whereas the Pt/Ce catalyst
presented two additional bands at ~560 and ~660 cm™'. The
peak at 600 cm™' is a D mode of the CeO, lattice, associated
with structural defects resulting from the substitution of Ce**
ions with Ce®" or other impurities.”>> For the Pt/Ce catalyst,
the defect-induced D mode at ~600 cm™" cannot be distinctly
separated due to spectral overlap with Pt-related vibrational
features. The 560 cm™' peak is an asymmetric stretching
vibration due to the Pt-O-Ce bond, reflecting MSL*"**°> The
band at 660 cm™" corresponds to Pt-O vibrations from amor-
phous PtO, species dispersed on the surface.’”*>

Fig. 4(B) shows the Raman spectra of the calcined Me/Pt/Ce
catalysts without pretreatment for the reaction. Compared with
the undoped Pt/Ce catalyst, the Me/Pt/Ce catalyst exhibited a
decrease in the intensities of peaks at 560 em™" (Pt-O-Ce) and
660 cm™' (PtO,). This decrease suggests that the promoter
metals partially interact with Pt, resulting in interfacial reor-
ganization of the Pt-O-Ce interfacial bonding and the Pt-O
coordination environment. This interpretation is consistent
with the H,-TPR results, which showed a downshift in the
reduction temperature upon the addition of promoters to the
Pt/Ce catalyst. Fig. 4(C) presents the Raman spectra of the
reduced Me/Pt/Ce catalysts after H,-reduction pretreatment.
The peaks at 560 cm ™' and 660 cm ™" observed in all calcined
catalysts were attenuated, leaving a weak D mode at 600 cm™".
This indicates that the PtO, species was reduced to metallic
pt° during the H, pretreatment, with some distortion of the
CeO, lattice remaining and the surface oxygen defect structure
being maintained. Based on the H,-TPR and pulsed CO-chemi-
sorption results, these Raman observations suggest that the
introduced promoters interact with both Pt species and the
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Fig. 4 Raman spectra of the CeO, support and Pt/Ce catalysts with various metal promoters. (A) Calcined CeO, support and Pt/Ce catalyst; (B) cal-

cined Me/Pt/Ce catalysts; and (C) reduced Me/Pt/Ce catalysts.
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CeO, support, leading to a modification of the original Pt-O-
Ce interfacial structure.

3.3. Oxygen mobility and surface chemical states of Me/Pt/Ce
catalysts

Fig. 5 integrates OSC-related values obtained from XPS (O 1s
and Ce 3d) and H,-O, pulse chemisorption analyses for Pt/Ce
catalysts prepared with various promoters. In the WGS reac-
tion, OSC plays a crucial role in enhancing catalytic activity at
high temperatures through the redox pathway.’***** CO che-
misorption on the active Pt sites constitutes an essential initial
step, and, following the Mars-van Krevelen mechanism, CO
adsorbed on Pt reacts with redox-active oxygen species at the
Pt-CeO, interface to form CO,, while surface oxygen vacancies
are replenished by oxygen derived from H,O dissociation,
accompanied by H, formation.’>*® Oxygen vacancies act as
reservoirs for mobile lattice oxygen species, which can migrate
from the CeO, support to interfacial Pt-CeO, sites and directly
participate in the redox cycle."®'* In particular, these defect-
derived mobile oxygen species not only accelerate the redox
cycle of the WGS reaction but also play a crucial role in enhan-
cing the sulfur tolerance of the catalyst. Previous studies have
shown that sulfur species adsorbed on Pt active sites are oxida-
tively removed in the form of SO, by mobile oxygen originating
from the CeO, support through oxygen reverse spillover, indi-
cating that OSC has a positive influence on sulfur
removal.'*'”® Fig. $6 presents the XPS spectra and corres-
ponding deconvolutions of the Ce 3d and O 1s orbitals for the
reduced catalysts. The Ce®" species is generated by the loss of
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Fig. 5 Oxygen storage capacity-related values of the Pt/Ce catalysts
with various metal promoters. (A) Ce®* ratio calculated from XPS Ce 3d
spectra; (B) Op ratio calculated from XPS O 1s spectra; (C) OSC values
obtained from H,—-0O, pulse chemisorption.
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oxygen atoms from the lattice during the reduction of CeO,;
thus, its presence reflects the existence of mobile oxygen and
oxygen vacancies within the catalyst."> As shown in Fig. S6(A),
the Ce 3d spectra were deconvoluted into 10 peaks attributed
to Ce** (vo, V', 1o and u’) and Ce** (v, v", V", u, u", and u"").>7>8
The peak labeled “u” corresponds to the 3d;/, spin-orbit state,
and the peak labeled “v” corresponds to the 3ds,, state. The
Ce®" ratio calculated from the integrated peak areas increased
upon promoter addition to the Pt/Ce catalyst (Fig. 5(A)). The
increase was relatively larger in the W- and Ga-promoted cata-
lysts compared to the other promoted catalysts. This enhance-
ment can be attributed to changes induced by interactions
between the promoter and Ce as well as Pt species on the cata-
lyst surface. Similarly, defective oxygen species are closely
associated with both mobile oxygen and oxygen vacancies, and
can be used as an indicator of the oxygen storage and release
capacity of the catalyst.”>** The O 1s spectra (Fig. S6(B)) com-
prise three oxygen species, corresponding to lattice oxygen
(O, 0*7, ~529.4 eV), defective oxygen (Op, O,>~ or O, ~530.4
eV), and surface hydroxyl groups (O, ~531.5 eV).*>*%57
Calculations based on peak area ratios (Fig. 5(B)) showed that
the Op, ratio exhibited the same trend as the Ce®" ratio.

To quantitatively evaluate the OSC of each catalyst, H,-O,
pulse chemisorption analysis was performed at the reaction
temperature of 400 °C (Fig. 5(C)). The bare CeO, showed a low
OSC value of 0.04 x 107> gmol g, ', whereas the Pt/Ce catalyst
loaded with Pt increased significantly to 2.75 x 10> gmol
geat ', indicating that Pt loading promotes oxygen exchange
between Pt and the CeO, support, thereby enhancing the OSC
of the catalyst. This is consistent with the H,-TPR results, indi-
cating that reverse oxygen spillover from the CeO, surface is
induced by the formation of interfacial interactions between Pt
and Ce upon Pt doping. In line with the XPS results, the
addition of promoters to the Pt/Ce catalyst further enhanced
the OSC of all Me/Pt/Ce catalysts (3.28-4.84 x 107> gmol g, ).
The introduction of promoters can increase oxygen defect for-
mation and OSC by inducing local lattice distortion arising
from ionic radius differences and valence imbalance relative
to Ce*", owing to the incorporation of dopant ions (Nb*",
W, AI**, and Ga**).>**%% Ag for the XRD results, promoter
metals with smaller ionic radii than Ce*" are incorporated
into the surface lattice of the catalyst. The W- and Ga-pro-
moted catalysts exhibited relatively high OSC values among
the Me/Pt/Ce catalysts. However, under sulfur-containing
WGS reaction conditions, the catalytic behaviors of the
Me/Pt/Ce catalysts differed markedly. In particular, the high
OSC observed for the Ga/Pt/Ce catalyst did not directly trans-
late into enhanced sulfur tolerance or improved catalytic
regeneration.

Recent studies have reported that oxygen vacancies located
at perimeter Pt-O-Ce sites play a decisive role in regulating
adsorbate activation, water dissociation, and interfacial redox
cycling.®! Therefore, under continuous sulfur exposure, main-
taining catalytic activity depends not only on a high OSC, but
also on the ability of stored oxygen to actively participate in
interfacial redox processes at Pt active sites. From this perspec-

"
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tive, in the W-promoted catalyst, mobile oxygen species can be
effectively delivered to Pt active sites through a preserved Pt-
O-Ce interfacial structure, enabling oxidative sulfur removal.
In contrast, although the Ga-promoted catalyst possesses a
high density of oxygen defects, the weakened Pt-O-Ce inter-
action limits oxygen transfer to Pt active sites, resulting in
diminished WGS activity and regeneration performance.

Fig. 6 shows the CO-DRIFTS spectra of Me/Pt/Ce catalysts
recorded in the range of 2140-2000 cm ™" after CO chemisorp-
tion at 50 °C for 60 min following reduction pretreatment. The
CO-DRIFTS spectra collected in the range of 1000-4000 cm ™"
over 60 min at 10 min intervals are presented in Fig. S7. For all
Me/Pt/Ce catalysts, two linear CO adsorption bands on metallic
Pt° sites are observed at approximately 2090 and 2070 cm ™,
which are commonly assigned to well-coordinated and low-co-
ordinated Pt sites, respectively.?”®> In general, interfacial inter-
actions between the metal and the support induce charge
transfer, which modifies the electronic structure of metal
active sites and thereby regulates CO adsorption strength. The
intensity of the dominant band at ~2070 cm™" is highest for
the W/Pt/Ce catalyst, followed by the Nb/Pt/Ce, Al/Pt/Ce, and
Ga/Pt/Ce catalysts, which is consistent with the trend observed
in the CO-chemisorption results. Accordingly, the enhance-
ment of the 2070 cm™" band reflects an increased availability
of Pt° sites for CO adsorption, while the extent of Pt-CeO, elec-
tronic interaction is inferred from the frequency shift of this
band rather than from its intensity alone. In addition, a notice-
able blue shift of the ~2070 cm™" band is observed for the W/
Pt/Ce catalyst compared to the Ga/Pt/Ce catalyst. This fre-
quency shift can be attributed to enhanced electron transfer
from Pt to the CeO, support, resulting in a relative decrease in
the electron density of Pt and weakened © back-donation to the
CO 27* antibonding orbital. Transition metal promoters such
as W® and Nb>" preserve strong Pt-O-Ce interactions while
modifying the electronic structure of Pt, which facilitates =
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Fig. 6 CO-DRIFTS spectra recorded in the 2140-2000 cm™ range at
50 °C after 60 min of CO adsorption on reduced Me/Pt/Ce catalysts
with various metal promoters.
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back-donation to the CO molecule and results in enhanced CO
adsorption. In contrast, nontransition metal promoters such
as AI’" and Ga**, despite increasing the overall concentration
of oxygen vacancies, exhibit a weaker electronic interaction at
the Pt-O-Ce interface, which is reflected in comparatively
lower CO chemisorption compared to the unpromoted Pt/Ce
catalyst. These observations suggest that W incorporation sim-
ultaneously strengthens the electronic interaction at the Pt-O-
Ce interface. This interpretation is consistent with the H,-TPR
results and, when combined with the OSC data, suggests that
Pt sites primarily function as the active sites for CO adsorp-
tion, whereas mobile oxygen species generated and trans-
mitted through strong, electronically interactive Pt-O-Ce
bonding act as the sulfur-tolerant active sites.

3.4. Discussion on sulfur tolerance and regeneration
behavior of Nb- and W-promoted Pt/Ce catalysts

As confirmed in Fig. 1(B), the addition of transition metals sig-
nificantly enhanced sulfur resistance and catalytic activity
recovery of the Pt/Ce catalyst. The Nb/Pt/Ce and W/Pt/Ce cata-
lysts exhibited comparable catalytic activities in the reaction
test with 1000 ppm H,S. Under harsher reaction conditions,
with the H,S concentration raised from 1000 to 1500 ppm, a
test consisting of four sulfur on/off switching cycles was con-
ducted for each catalyst to further examine the performance
differences between the two catalysts (Fig. 7). These cycling
tests were performed under repeatedly applied, harsh sulfur-
poisoning conditions to evaluate the long-term stability of the
two catalysts and to identify the factors influencing sulfur tol-
erance and activity regeneration behavior. Fig. 7(A) presents
the time-on-stream profiles obtained during the sulfur on/off
switching cycles, while Fig. 7(B) highlights the representative
points from each cycle to facilitate comparison between the
two catalysts. In these figures, empty symbols represent the
sulfur-on state, whereas solid symbols indicate the sulfur-off
state. In the first cycle, both catalysts maintained 50% CO con-
version even under higher H,S injection conditions, and the
W/Pt/Ce catalyst showed slightly higher catalytic activity than
the Nb/Pt/Ce catalyst. As the reaction proceeded to the second
cycle, the W/Pt/Ce catalyst showed gradual catalytic de-
activation along with a reduced activity regeneration rate com-
pared with the Nb/Pt/Ce catalyst. From the third cycle onward,
sulfur-induced catalytic deactivation of the W/Pt/Ce catalyst
progressed more rapidly than in the preceding cycles, which
was accompanied by a noticeable decline in catalytic activity
recovery during the sulfur-off step. In the final cycle, the Nb/
Pt/Ce catalyst maintained higher CO conversion, and the per-
formance difference between the two catalysts became increas-
ingly pronounced. A similar trend was observed in the sulfur-
tolerance and long-term stability tests conducted under a con-
stant H,S flow of 1500 ppm for 30 h (Fig. S8). Under continu-
ous sulfur-poisoning conditions, the difference in catalytic
activity between the W/Pt/Ce and Nb/Pt/Ce catalysts increased
with time compared with that observed in the cycling tests.
This accelerated deactivation of the W/Pt/Ce catalyst was more
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Fig. 7 Sulfur on/off switching cycling tests over Pt/Ce catalysts pro-
moted with Nb and W. Reaction conditions: H;O/(CH,; + CO + CO,) =
2.0; T = 400 °C; GHSV = 46 000 mL g~* h™%; H,S = 1500 ppm. (A) Time-
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clearly observed under sustained H,S exposure without regen-
eration, owing to its relatively lower sulfur resistance.

Overall, these results reaffirm that the metal-support inter-
facial structure and OSC are essential factors governing sulfur
tolerance and catalytic activity regeneration of the Pt/Ce cata-
lyst. Concurrently, the results suggest that the intrinsic chemi-
cal properties of the introduced promoter metals should be
considered. Compared with the Nb/Pt/Ce catalyst, the W/Pt/Ce
catalyst exhibits higher initial sulfur resistance and regener-
ation catalytic performance, which can be attributed to its
superior CO adsorption capability, stronger Pt-O-Ce interfacial
interaction, and enhanced oxygen mobility. This behavior
suggests that W plays a beneficial role in strengthening the
interfacial redox functionality. However, to more clearly under-
stand the long-term stability differences, the distinct sulfida-
tion behaviors of W and Nb under the H,O-rich WGS reaction
conditions in the presence of H,S must be considered.
Niobium exhibits a strong affinity for oxygen and preferentially
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forms highly stable oxides, such as Nb,O5; and NbO,, with for-
mation enthalpies of —380 and —395 k] mol™", respectively,
which are more negative than that of WO; (=279 kJ mol™*).5*%*
This indicates that Nb-O bonding is thermodynamically more
stable than W-O bonding. Furthermore, the Gibbs free energy
changes for the sulfidation of Nb oxides by H,S at 600 K are
positive (+82 kJ mol™* for NbO, and +108 k] mol™" for
Nb,05).%® Therefore, under H,0O-rich WGS reaction conditions,
Nb oxides are expected to resist transformation into sulfide
phases. In contrast, the sulfidation of WO; exhibits a negative
Gibbs free energy (—110 kJ mol™"), indicating that the for-
mation of W-S species is thermodynamically favorable.®®
These results suggest that Nb-based catalysts possess an inher-
ently higher resistance to sulfur-induced transformation,
whereas metals with negative sulfidation free energy are more
prone to sulfur accumulation and potential deactivation.®*°%¢
Consequently, despite its superior initial catalytic perform-
ance, the W/Pt/Ce catalyst suffers from inferior long-term
stability compared with the Nb/Pt/Ce catalyst. In contrast, the
Nb/Pt/Ce catalyst maintains a more stable Pt-O-Ce interfacial
structure, while suppressing thermodynamically unfavorable
sulfidation, which is likely responsible for its enhanced long-
term sulfur tolerance and catalytic activity regeneration.
Table S1 provides a comparison of reported data on CO conver-
sion or turnover frequency values for the WGS reaction using
sulfur-tolerant catalysts. The optimized Nb/Pt/Ce catalyst devel-
oped in this study exhibits superior catalytic activity, even
under conditions of relatively high GHSV and elevated sulfur
concentrations. To assess long-term catalytic activity and dura-
bility for actual operations, the evaluations were conducted
under harsh conditions. These included a simulated waste-
derived synthesis gas reflecting real industrial environments
and an applied GHSV of 46 000 h™', which is more than ten
times higher than typical commercial WGS processes
(~4000 h™").*> Ultimately, the excellent performance of the
developed catalyst suggests that the developed catalyst has
strong potential for application in WGS processes within
waste-to-hydrogen systems.

4. Conclusions

Herein, Pt/CeO, catalysts promoted by transition (Nb, W) and
nontransition metals (Al, Ga) were applied to the WGS reaction
under syngas conditions derived from sulfur-containing waste,
and their sulfur tolerance, regeneration ability, long-term
stability, and structural properties were systematically com-
pared. The introduction of promoters induced reorganization
of the Pt-O-Ce interface through interactions between the
active metal and the support, which significantly altered the
CO adsorption capacity, Pt-Ce bond strength, and oxygen
mobility. The results of this study demonstrate that sulfur tol-
erance in Pt/CeO,-based WGS catalysts is governed not solely
by the concentrations of OSC, but more critically by the stabi-
lity and functionality of the Pt-O-Ce interfacial structure. The
Al- and Ga-promoted Pt/Ce catalysts exhibited enhanced OSC
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relative to unpromoted Pt/Ce catalysts yet inferior sulfur resis-
tance, indicating that excessive weakening of the Pt-Ce inter-
action limits the ability of activated oxygen species to partici-
pate in continuous sulfur oxidation and removal. In contrast,
transition metal promoters that preserve a robust interfacial
configuration enable sustained regeneration of Pt active sites
under sulfur exposure, as observed for Nb- and W-promoted
systems. Building on these insights, the design of sulfur-toler-
ant WGS catalysts should maintain a stable Pt-Ce interface
capable of sustaining mobile and reactive oxygen species,
rather than improving OSC alone. This interfacial design strat-
egy is expected to extend catalyst lifetime, reduce performance
losses associated with sulfur poisoning, and improve the oper-
ational reliability of the WGS reaction in waste-to-hydrogen
conversion processes, thereby providing practical guidance for
the rational design of sulfur-resistant WGS catalysts.
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