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The presence of sulfur compounds, particularly SO2, is known to significantly degrade the performance of

metal-based catalysts, posing a significant challenge in CO2 hydrogenation reactions. In this study, we

systematically investigate the impact of SO2 on Cu–ZnO–Al2O3 catalysts for CO2 hydrogenation to

elucidate the deactivation mechanisms. Our findings reveal that SO2 adsorption leads to the formation of

surface sulfate and sulfite species, which effectively block active sites, impeding the adsorption and activation

of reactants. Moreover, SO2 exposure inhibits CO desorption, further compromising catalytic efficiency. In

parallel, progressive sulfidation of Cu and ZnO results in the formation of catalytically inactive CuS, Cu2S, and

ZnS phases, ultimately leading to complete catalyst deactivation. These results highlight the dual role of sulfur

species in both surface passivation via sulfates/sulfites deposition and irreversible structural transformation via

sulfidation. Our study provides new insights into the SO2-induced catalyst deactivation in CO2 hydrogenation

and offers a theoretical foundation for enhancing CO2 hydrogenation reactions, with implications for

optimizing environmentally sustainable catalytic systems in industrial applications.
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1 Introduction

The increasing global concern over greenhouse gas emissions
has led to significant interest in technologies aimed at reducing
CO2 concentrations in the atmosphere.1–3 CO2 hydrogenation
has emerged as a promising pathway for the utilization of CO2,
enabling its conversion into valuable chemicals such as CO,
methanol, and other hydrocarbons.4–8 These processes not only
offer a sustainable route to produce fuels and chemicals but
also contribute to reducing the overall CO2 footprint.9,10

However, the practical implementation of CO2 hydrogenation,
particularly in industrial settings, faces several challenges due
to the presence of impurities in feed gases, including sulfur-
containing compounds such as sulfur dioxide (SO2).

11–13

SO2 is a major contaminant commonly found in flue gases
from coal-fired power plants, especially those utilizing
pulverized coal combustion.14,15 The flue gas typically contains
a mixture of gases such as CO2, nitrogen oxides (NOx), and SO2,

which can have detrimental effects on catalytic processes.14,16,17

In CO2 hydrogenation, the presence of SO2 is particularly
concerning, as it is known to poison metal catalysts by binding
to active sites and forming inactive sulfur compounds, leading
to catalyst deactivation.18–20 Understanding the impact of SO2

on catalyst performance is critical for optimizing CO2

hydrogenation processes, especially when considering the
integration of these processes with industrial CO2 capture
systems, where SO2 contamination is inevitable.

Previous studies have highlighted the negative impact of
sulfur compounds on various catalytic systems, including those
based on transition metals such as Cu, Ni, and Fe.18,21–24 For
the Cu-SSZ-13 catalyst, SO2 poisoning under standard NH3-SCR
conditions resulted in mostly ammonium sulfate formation at
200 °C, whereas copper sulfates were predominant after
poisoning at 400 °C under the conditions of 30 ppm SO2, 8%
O2, 5% H2O, 400 ppm NH3 and 400 ppm NO.25 In the integrated
CO2 capture and utilization (ICCU) process, exposure to SO2

leads to the formation of thermally stable CaSO4 product which,
in turn, drastically reduces CO2 capture capacity due to
increased mass transfer resistance.26 Despite these findings,
while the negative impact of SO2 on catalytic performance is
well-established, comprehensive studies that investigate the
specific mechanisms by which SO2 affects catalytic activity in
CO2 hydrogenation remain limited.

This study aims to systematically investigate the influence of
SO2, derived from pulverized coal boiler flue gas, on the
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performance of industrial catalyst Cu–ZnO–Al2O3 catalysts
during CO2 hydrogenation. By combining advanced
characterization techniques such as X-ray photoelectron
spectroscopy (XPS), scanning transmission electron microscopy
(STEM), operando diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), and operando X-ray diffraction (XRD), we
aim to elucidate the poisoning and deactivation mechanisms of
SO2 on the catalyst. The results reveal that exposure to SO2

induces irreversible catalyst deactivation, with both Cu and Zn
species fully converted into metal sulfides (Cu2S, CuS, and ZnS).
Additionally, sulfide and sulfate species accumulate on the
catalyst surface. These findings offer valuable insights into the
mechanisms driving catalyst deactivation, paving the way for
strategies to enhance the long-term stability and performance
of CO2 hydrogenation processes under industrial conditions.

2 Results and discussion
2.1 Catalytic performance

The CO2 hydrogenation was conducted in a quartz tube reactor.
The Cu–ZnO–Al2O3 catalyst demonstrated high catalytic
performance over a temperature range of 300–700 °C with a H2/
CO2 ratio of 1 : 1 (Fig. 1a). However, the introduction of SO2 into
the reaction stream induced a significant decrease in catalytic
activity. At 300 °C, CO2 conversion decreased from 4.1% to
0.16%, while CO selectivity slightly increased from 91.1% to
94.0% upon addition of 0.1% SO2 (Fig. 1a and b). As the SO2

concentration increased to 0.5% and 2.0%, the catalyst
underwent complete deactivation (Fig. 1c), suggesting that
higher SO2 concentrations accelerate catalyst deactivation.

Higher temperatures exacerbated the deactivation of the
catalyst. At 400 °C, CO2 conversion decreased from 15.3% to
10.7% with the introduction of 0.1% SO2, while CO selectivity
increased from 91.5% to 94.3%. Increasing the SO2

concentration to 0.5% further decreased CO2 conversion to
4.9%, whereas CO selectivity was enhanced to 98.7%. These
results suggest that SO2 exposure primarily affects the
formation of CH4, with a more pronounced impact on CO2

conversion and a shift in product distribution towards higher
CO selectivity.

The CO2 hydrogenation catalyst underwent significant
deactivation upon SO2 exposure, indicating partial irreversibility
(Fig. 1d). At 500 °C and 0.5% SO2, the CO2 conversion initially
decreased from 21.2% to 12.6%, while CO selectivity increased
slightly from 95.3% to 96.7%. Furthermore, CO2 conversion
continued to decrease rather than stabilize at 12.6%. After 90
min of testing, the CO2 conversion remained at 9.95%, while
CO selectivity was 97.1%. Upon removal of SO2 from the
reaction stream, CO2 conversion partially recovered to 13.4%,
while CO selectivity remained around 97.3%. These results
suggest that the deactivation is not fully reversible, implying
partial permanent deterioration of the catalyst.

The experiment was extended until complete catalyst
deactivation occurred (Fig. 2). Under SO2-free conditions,

Fig. 1 Role of SO2 on the catalyst performance. (a) CO2 conversion and (b) CO selectivity over Cu–ZnO–Al2O3; (c) CO2 conversion under different
SO2 concentrations over Cu–ZnO–Al2O3 at 300 °C; (d) changes in CO2 conversion and CO selectivity when switching the gas composition
(reaction conditions: 1 bar, H2 : CO2 :N2 = 1 : 1 : 1, contact time: 0.05 s g mL−1, WHSV: 72 000 cm3 g−1 h−1). Error bars were obtained from three
repeated measurements.
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CO2 conversion remained stable at 21.3% throughout the 400
min. In contrast, under 0.5% SO2 conditions, CO2 conversion
steadily declined until full deactivation was observed
(Fig. 2a). After the cessation of SO2 flow, no recovery in CO2

conversion was observed, indicating that deactivation was
caused by irreversible poisoning. Regarding CO selectivity, it
remained constant at 95.8% throughout the reaction under
SO2-free conditions (Fig. 2b). However, under 0.5% SO2, CO
selectivity initially increased slightly for the first 150 min,
reaching a maximum of 99.5%. This increase was attributed
to the rapid deactivation of CH4 formation. Once SO2 was
introduced, the CH4 formation rate decreased to 1.7 mmol
h−1 gcat

−1 and dropped below 1 mmol h−1 gcat
−1 after 150 min

(Fig. 2c). Subsequently, CO selectivity sharply declined to
65.3% due to the significant reduction in CO formation rate.
The CO formation rate decreased from 657.8 to 212.8 mmol
h−1 gcat

−1 after 150 min, and the continuous decline in CO
formation contributed to the decline of the CO selectivity
(Fig. 2d).

2.2 Deactivation mechanisms caused by SO2

2.2.1 Effect of SO2 on the surface chemical state of the
catalyst. To investigate the deactivation mechanism, XPS was
employed to analyze the surface changes of the fresh catalyst
and the used catalysts after 400 min exposure to SO2-free and
0.5% SO2 conditions (Fig. 3 and S1–S3†). The Cu 2p spectra
exhibited two peaks at binding energies of 932.7 eV and
952.6 eV, confirming that copper was present in the Cu0/Cu+

states in the fresh catalyst (Fig. S1†).27 Similar spectra were
observed for the catalysts used under both SO2-free and 0.5%
SO2 conditions, indicating that copper remained in the Cu0/
Cu+ states in all cases. No Cu2+ state was detected in either
the fresh or used catalysts, indicating that copper did not
undergo oxidation to Cu2+.

Cu LMM Auger spectra were further analyzed to
distinguish between Cu0 and Cu+ species (Fig. 3a). For the
fresh catalyst, the Cu LMM spectra exhibited only Cu0 (568.3
eV) species, with no evidence of Cu+ (570.3 eV).28 For the
used catalysts under SO2-free conditions and under 0.5% SO2

conditions, both Cu0 (568.3 eV) and Cu+ (570.3 eV) species
were present. We calculated the Cu+/(Cu0 + Cu+) ratio and
found that for the used catalyst under SO2-free conditions,
Cu+ constituted 18% of the surface copper (Table S1†). In
contrast, for the used catalyst under 0.5% SO2 conditions,
Cu+ constituted 58% of the surface copper. This indicates
that SO2 promoted the oxidation of metallic copper to Cu+

state.
The Zn 2p spectra exhibited two peaks at binding energies

of 1045.3 eV and 1022.2 eV, indicating that zinc
predominantly exists in the Zn2+ state (Fig. S2†).29 Further
analysis of the Zn LMM spectra also revealed the presence of
both Zn2+ and Znδ+ species (Fig. 3b). All catalysts showed two
peaks at 499.5 eV and 496.0 eV, indicating the presence of
Zn2+ and Znδ+ species on the catalysts, respectively.30 The
ratios of Znδ+/(Znδ+ + Zn2+) were calculated to be 37%, 37%,
and 33% for the fresh catalyst, and for the used catalysts
under SO2-free and 0.5% SO2 conditions, respectively (Table

Fig. 2 SO2-induced deactivation of the catalyst during CO2 hydrogenation. Changes in (a) CO2 conversion, (b) CO selectivity, (c) CH4 formation
rate, and (d) CO formation rate when switching the gas composition from H2/CO2 to H2/CO2 with 0.5% SO2 (reaction conditions: 500 °C, 1 bar,
H2 :CO2 :N2 = 1 : 1 : 1, contact time: 0.05 s g mL−1, WHSV: 72000 cm3 g−1 h−1).
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S2†). These results suggest that both fresh and used catalysts
maintain similar amount of Znδ+, indicating that zinc
remains predominantly in its oxidized state.

The S 2p spectra revealed the presence of sulfide (S 2p1/2
at 163.0 eV and S 2p3/2 at 162.1 eV), sulfates (at 169.2 eV)
and sulfites (at 168.0 eV) species (Fig. 3c).31,32 Notably, the
content of sulfides was 67%, suggesting the majority of sulfur
species on the surface of the used catalyst under 0.5% SO2

condition were in the form of metal sulfides. Additionally,
the Al 2p spectra displayed consistent signals across all three
catalysts, indicating the stability of aluminum within the
catalyst (Fig. S3†). The peak at 75.4 eV corresponded to Al 2p,
while the shoulder peak at 78.1 eV was attributed to Cu
3p.33–35

Transmission electron microscopy (TEM) was used to
investigate the changes in catalyst morphology (Fig. 4). The
fresh catalyst exhibited a uniform distribution of Cu and ZnO
nanoparticles, suggesting good dispersion and potential for
high catalytic activity (Fig. 4a and S4†). For the catalyst used
under SO2-free conditions, no significant changes in particle
size or morphology were observed, indicating that the catalyst
remained stable under these conditions (Fig. 4b and S4†).
However, upon exposure to 0.5% SO2, sulfur was detected on
the catalyst surface, indicating sulfur-induced sintering or
poisoning effects (Fig. 4c and S4†). The observed changes in
sulfur deposition could be linked to the decrease in catalytic
activity under SO2 exposure, as the sulfur species may
interact with active sites and hinder CO2 hydrogenation.

2.2.2 Effect of SO2 on surface functional groups. To
investigate the intermediates formed during CO2

hydrogenation, operando DRIFTS was employed (Fig. 5). The
catalyst was reduced in situ under a 5% H2/N2 flow at 500 °C for
2 h. The reaction gas, comprising CO2, H2, and N2 in a 1 : 1 : 1
ratio, was then introduced to interact with the reduced catalyst
at 500 °C. The bands observed at 1315 and 1455 cm−1 were
attributed to carbonate species on the Cu–ZnOx interface,36–38

while no bands in the 3000–2400 cm−1 range were detected,
indicating no formate species exist (Fig. 5a and S5†). Gas-phase
CO was also identified with bands at 2177 and 2114 cm−1.37,39

During this process, the CO2 conversion maintains at 27.5%,
with the 100% CO selectivity (Fig. S5†).

Subsequently, the gas flow was switched to a 1 : 1 mixture of
H2 and CO2 with 0.5% SO2, and the reaction was monitored for
180 min (Fig. 5b). After 180 min, CO2 conversion dropped from
27.5% to lower than 0.1%, indicating complete catalyst
deactivation (Fig. S5†). At this point, the gas-phase CO bands
(2177 and 2114 cm−1) disappeared, suggesting a significant

Fig. 4 STEM analysis and EDX mapping of Cu–ZnO–Al2O3. (a) Fresh
catalyst; (b) the used catalyst exposed to H2/CO2/N2 (1 : 1 : 1) for 400
min at 500 °C; (c) the used catalyst exposed to H2/CO2/N2 (1 : 1 : 1)
with 0.5% SO2 for 400 min at 500 °C.

Fig. 3 Characterization of fresh and used Cu–ZnO–Al2O3 catalysts. (a) Cu LMM Auger spectra; (b) Zn LMM Auger spectra; (c) XPS spectra of S 2p.
CuZnAlSO2‐free: Cu–ZnO–Al2O3 exposed to H2/CO2/N2 (1 : 1 : 1) for 400 min at 500 °C. CuZnAl0.5%SO2

: Cu–ZnO–Al2O3 exposed to H2/CO2/N2 (1 : 1 : 1)
with 0.5% SO2 for 400 min at 500 °C.
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reduction in CO formation. Additionally, a new band at 2077
cm−1 emerged, which is characteristic of carbonyl species,40

indicating these species are not desorbing into the gas phase as
CO. These carbonyl species are strongly adsorbed on the catalyst
surface, likely due to strong interaction with active sites, making
them difficult to desorb.

Moreover, the DRIFT spectra revealed the formation of
new bands at 1401 and 1636 cm−1, which are assigned to
sulfate species, while the band at 1501 cm−1 is characteristic
of sulfite species, respectively.41–43 These findings indicate
that SO2 is strongly adsorbed onto the catalyst surface,
predominantly in the form of sulfate and sulfite. The strong
adsorption of these species leads to the occupation and
blockage of the active sites, preventing the adsorption of

reactants and ultimately inhibiting catalytic activity.11,40,41

Consequently, the accumulation of these sulfur compounds
accelerates catalyst deactivation, further exacerbating the
decline in catalytic performance over time. Notably, the
absence of characteristic bands in the 1211–1119 cm−1

region, which are typically associated with bulk sulfate
species,43–46 suggests that the sulfates formed during SO2

exposure remain confined to the catalyst surface rather than
incorporating into the bulk structure.

2.2.3 Effect of SO2 on the crystal structure of the catalyst.
XRD was employed to analyze phase changes in the catalysts
under SO2-free and 0.5% SO2 conditions (Fig. 6). The XRD
patterns of both the fresh catalyst and the catalyst under SO2-
free conditions revealed prominent peaks corresponding to

Fig. 5 Operando DRIFT spectra over the Cu–ZnO–Al2O3 catalyst under different feed gas compositions. The catalyst was first exposed to (a) CO2/
H2/N2 (1 : 1 : 1) for 60 min, followed by (b) switching the gas flow to CO2/H2/N2 (1 : 1 : 1) with 0.5% SO2. Reaction condition: 500 °C, 1 bar, and 30
mL min−1, 0.5% SO2.

Fig. 6 XRD of the fresh and used catalysts with or without 0.5% SO2. (a) XRD in the 2θ range of 25–80°; (b) XRD in the 2θ range of 46–49°; (c) XRD
in the 2θ range of 55–58°.
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Cu and ZnO (Fig. 6a). No discernible peaks for Al2O3 were
observed, likely due to its low content, uniform distribution,
and amorphous phase.47 The peak at 26.5° was attributed to
the (002) plane of graphite, commonly used as a binder in
catalyst preparation.48 Given the inert nature of graphite, its
catalytic contribution is negligible and will not be discussed
further.49 Characteristic peaks at 43.3°, 50.4°, and 74.1° were
identified, corresponding to the (111), (200), and (220) planes
of metallic Cu (JCPDS 85-1326).50 Peaks at 31.9°, 34.6°, 36.4°,
47.6°, 56.8°, 63.1°, and 68.2° were attributed to ZnO species
(JCPDS 75-1526).51,52 A slight shift in the diffraction peaks of
Cu in the fresh catalyst indicated the formation of a CuZn

alloy.27,39 Additionally, the crystallite sizes for Cu and ZnO in
industrial catalyst was measured as 27.0 nm and 17.5 nm,
respectively. For the used catalyst under SO2 free condition,
the crystallite sizes for Cu and ZnO were 27.8 nm and 14.3
nm, respectively.

For the used catalyst under 0.5% SO2 conditions, the
peaks corresponding to metallic Cu disappeared, and new
peaks at 26.6°, 30.8°, 44.1°, and 52.3° emerged, which were
attributed to Cu2S (JCPDS 75-2241).53,54 New peaks at 27.9°,
47.5°, and 56.4° emerged, indicating the formation of either
ZnS or CuS (JCPDS 01-0792 and 89-2073).55,56 These peaks
were located at similar positions, making it difficult to

Fig. 7 Operando XRD over the Cu–ZnO–Al2O3 catalyst. (a) Operando XRD without SO2 in the 2θ range of 25° to 65°; (b) CO2 conversion and CO
selectivity over 400 min of TOS under SO2 free condition (reaction conditions: 500 °C, 1 bar, 150 mg catalyst loaded, H2 : CO2 :N2 = 1 : 1 : 1, with a
flow rate of 100 mL min−1); (c) operando XRD under 0.5% SO2 in the 2θ range of 25° to 65°; (d) CO2 conversion and CO selectivity over 300 min of
TOS under 0.5% SO2 condition; (e) operando XRD under 0.5% SO2 in the 2θ range of 45° to 48°; (f) operando XRD under 0.5% SO2 in the 2θ range
of 53° to 58° (reaction condition: 1 bar, 500 °C, 150 mg catalyst loaded, CO2/H2/N2 (1 : 1 : 1) with 0.5% SO2, with a flow rate of 100 mL min−1).
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distinguish between CuS and ZnS. Moreover, it was not
possible to unequivocally assign the peaks at 47.5° and 56.4°
to either newly formed metal sulfides or to ZnO
(Fig. 6b and c). To clarify these ambiguities, operando XRD
measurements were conducted. Moreover, the crystallite size
for Cu2S was 49.5 nm, overlapping peaks for CuS and ZnS
suggest a composite crystallite size of 67.9 nm, though this
value should be interpreted cautiously due to peak overlap.
The growth of the particle sizes indicates that SO2 exposure
induces moderate crystallite growth in Cu-derived sulfides
(Cu2S/CuS) and ZnS, likely driven by phase restructuring
during sulfidation.

The catalytic behavior of Cu–ZnO–Al2O3 catalysts during
CO2 hydrogenation was investigated using operando XRD
analysis under both SO2-free and 0.5% SO2 conditions
(Fig. 7). Under SO2-free conditions, characteristic peaks
corresponding to Cu (42.5° and 49.4°) and ZnO (31.1°, 34.0°,
and 35.6°) were observed (Fig. 7a). These peaks exhibited
slight shifts to lower 2θ values compared to the ex situ XRD
at room temperature, which can be attributed to the lattice
expansion at elevated temperatures. Over a time-on-stream
(TOS) of 400 min, the catalyst retained its original structure,
with XRD patterns displaying consistent peaks for Cu, ZnO,
and Al2O3, without significant shifts in peak positions or
intensities. It is worth noting that the ZnO peaks (47.0° and
56.0°) were not as pronounced, likely due to the high
intensity of the Cu peaks. Throughout the reaction, CO2

conversion and CO selectivity remained stable at 26.3% and
88.9%, respectively (Fig. 7b).

Upon introducing SO2 into the reaction environment,
significant changes in the structure and catalytic properties
were observed (Fig. 7c). Catalytic performance was continuously
monitored using a gas analyzer (Fig. 7d). X-ray diffraction (XRD)
analysis revealed a gradual decrease in the intensity of the ZnO
peaks at 31.1°, 34.0°, and 35.6°, as well as a decrease in the
intensity of the Cu peaks at 42.5° and 49.5°. Meanwhile, new
peaks corresponding to metal sulfides appeared and became
more pronounced at 27.9°, 46.8°,47.0 55.8° and 56.0.

Both ZnS and CuS exhibit peaks at similar positions in the
XRD patterns. According to the standard PDF cards, CuS has
characteristic peaks at 28.7°, 47.7°, and 56.6°, whereas ZnS
displays peaks at 28.6°, 47.5°, and 56.4°. Based on these
values, the peaks observed at 46.8° and 47.0° are assigned to
CuS and ZnS, respectively, while the peaks at 55.8° and 56.0°
are attributed to CuS and ZnS, respectively (Fig. 7e and f).
Notably, prior to the introduction of SO2, the peaks at 47.0°
and 56.0° were weak or absent, suggesting that the newly
intensified peaks at these positions after SO2 exposure do not
correspond to ZnO. Instead, the weakening of other ZnO
peaks supports the assignment of these new peaks to metal
sulfides, indicating the formation of CuS and ZnS as a result
of SO2-induced catalyst deactivation. Additionally, the peak at
27.9° is attributed to a mixture of CuS and ZnS.

The formation of CuS and ZnS was accompanied by a
significant decrease in CO2 conversion. Combining the phase
transitions with the catalytic performance, we observed that

after the introduction of SO2 into the flow for 10 min, metal
sulfides began to form, and CO2 conversion started to
decline. Meanwhile, CO selectivity increased due to the rapid
decrease in CH4 formation, exhibiting trends similar to those
observed in the fixed-bed reactor (Fig. 7d).

Subsequently, XRD analysis showed the disappearance of
metallic Cu at point A, accompanied by the appearance of
three new peaks at 30.8°, 44.5°, and 52.6°, which were
attributed to Cu2S. At this point, the catalyst exhibited
complete deactivation. This indicates that the gradual
decrease in CO2 conversion was linked to the formation of
metal sulfides and the disappearance of metallic Cu. The full
conversion of ZnO and Cu into metal sulfides led to catalyst
deactivation. Notably, no sulfates or sulfites were detected
during the process.57–59 It is important to note that in the
operando XRD setup, the contact time is 0.09 s g mL−1,
whereas in the quartz tube reactor, the contact time is
shorter at 0.05 s g mL−1. The longer contact time in the
operando XRD experiment leads to a more prolonged
interaction between the catalyst and reactants or poisons,
which accelerates the accumulation of these species on the
catalyst surface. This may result in faster catalyst
deactivation. Therefore, although the catalyst in the quartz
tube reactor eventually reaches full deactivation, some
residual zero-valent copper remains detectable (shown in the
XPS result, Fig. 3a) due to the shorter contact time and lower
accumulation of reaction products and poisons.

We then performed a detailed kinetic analysis of the time-
dependent XRD data. Due to the overlapping characteristic
peaks of ZnS and CuS in the low-angle region (2θ ≤ 0.2°), it
is challenging to unambiguously distinguish these sulfide
phases solely via XRD. To address this limitation, our kinetic
analysis focuses on the disappearance of the metallic Cu and
ZnO phases, which exhibit distinct and non-overlapping
diffraction signatures. This semi-quantitative approach tracks
the decay of the reactant phases (Cu and ZnO) rather than
directly quantifying the sulfide products (CuS/Cu2S and ZnS),
providing robust insights into the sulfidation kinetics while
mitigating phase deconvolution uncertainties.

For Cu-to-CuS/Cu2S transformation (Fig. S6†), a power-law
logistic function (eqn (1)) captures a three-stage diffusion-
controlled mechanism: (1) a lag phase (0–15 min) with slow
nucleation due to sulfur incorporation barriers, (2) a growth
phase (15–60 min) dominated by accelerated 3D sulfur
diffusion into the Cu lattice, and (3) a saturation phase (>60
min) where unreacted Cu is kinetically trapped within a core-
shell structure. In contrast, ZnO-to-ZnS conversion (Fig. S7†)
follows a single-exponential decay model (eqn (2)), revealing
a two-phase process: (1) an initial fast phase (0–30 min)
driven by rapid surface reactions between ZnO and sulfur
sources, and (2) a slow phase (>30 min) limited by ZnS
passivation layer formation, which impedes bulk diffusion.
These analyses collectively highlight how material-specific
properties—Cu's metallic lattice favoring diffusion-limited
nucleation-growth versus ZnO's semiconductor surface
reactivity—govern sulfidation kinetics.
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X tð Þ ¼ 0:64þ 96:68= 1þ t
27:3

� �3:8� �
(1)

X tð Þ ¼ 103:8e −
t

26:3 þ 1:08 (2)

Hydrogen temperature-programmed reduction (H2-TPR)
analysis was conducted on Cu–ZnO–Al2O3 catalysts under
different conditions (Fig. 8 and Table S3†). For the industrial
catalyst, two distinct reduction peaks were observed at 201
and 282 °C, corresponding to the reduction processes from
CuO to Cu2O and from Cu2O to Cu, respectively (Fig. 8a). The
total hydrogen consumption was 155 μmol g−1 (Fig. 8b). In
contrast, for the catalyst subjected to CO2 hydrogenation
treatment without SO2 exposure, the peak at 278 °C
remained, but the total hydrogen consumption decreased to
143 μmol g−1, which was comparable to that of the fresh
catalyst. The peak at 278 °C indicates the presence of Cu+

species, with no Cu2+ detected, consistent with the XRD and
XPS results. For the used catalyst exposed to SO2, a dramatic
decrease in hydrogen consumption was observed. The H2-
TPR profile showed a single reduction peak at 150 °C, with
only 10 μmol g−1 of hydrogen consumption, highlighting a
significant loss in reducibility. This result implies that SO2

exposure induces the formation of metal sulfides, which
strongly inhibit the reduction of the active sites, leading to
catalyst deactivation. The absence of higher temperature
reduction peaks (at 201 °C and 280 °C) suggests that all Cu

species have been converted to metal sulfides, preventing
further reduction and impairing catalytic performance.

To probe the spatial distribution of deactivated catalytic
sites, H2-TPD analysis was conducted (Fig. 8c). H2-TPD
reveals that the number of H2-adsorbing active sites
(attributed to metallic Cu) sharply decreases in the presence
of SO2. Specifically, the H2 uptake drops from 83 μmol g−1

(fresh catalyst) and 78 μmol g−1 (post-reaction without SO2) to
nearly zero under SO2-containing conditions (Fig. 8d). This
aligns with the complete loss of catalytic activity, confirming
that SO2-induced sulfidation fully converts surface Cu sites
into inactive sulfur-containing species (whether as sulfides,
sulfates, or sulfites), thereby irreversibly deactivating the
catalyst.

Inductively coupled plasma optical emission spectrometer
(ICP-OES) was used to identify the sulfur content in the used
catalyst (Table S3†). The experimental sulfur content of
235.3 mg g−1 (∼33.5 wt%), lying between the theoretical
thresholds for complete Cu→Cu2S (26.3 wt%) and Cu→CuS
(41.2 wt%) conversions, strongly indicates a mixed sulfide
phase composition. This intermediate sulfur uptake
demonstrates that copper species undergo partial sulfidation
to both Cu2S and CuS, while zinc predominantly forms ZnS
as evidenced by its stoichiometric sulfur demand. The
quantitative alignment with sulfide-phase predictions,
coupled with XRD identification of crystalline Cu2S/CuS and
ZnS phases, confirms that irreversible deactivation originates
from bulk sulfide formation rather than surface adsorption.
This mechanistic interpretation is further corroborated by

Fig. 8 H2-TPR (a and b) and H2-TPD (c and d) of the fresh catalyst and the used catalysts under CO2 hydrogenation condition with or without
0.5% SO2. The used catalysts were treated using H2/CO2/N2 (1 : 1 : 1) with or without 0.5% SO2 for 400 min at 500 °C.
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H2-TPD results showing near-complete loss of hydrogen
adsorption capacity, consistent with sulfide-induced active
site blockage at both surface and subsurface levels.

2.3 Discussion

XPS analysis showed that Cu predominantly exists as Cu+ ions,
along with the presence of metal sulfides, sulfate, and sulfite
species. Operando DRIFTS further confirmed the presence of
these sulfur species by showing characteristic peaks for sulfates
and sulfites. However, no sulfate or sulfite signals were detected
in the bulk phase, suggesting that these species are exclusively
formed on the surface.

Referring to the previous studies on the effect of SO2 on
NH3-SCR response and ICCU,23,25,26,60–62 the deactivation
mechanisms induced by SO2 in NH3-SCR systems and CO2

hydrogenation processes exhibit fundamental differences due
to their distinct reaction environments. In NH3-SCR systems
operating under oxidizing conditions (with flue gas containing
O2), SO2 oxidation is strongly promoted, leading to the
predominant formation of ammonium sulfate and surface-
adsorbed sulfates/sulfites.25,60–62 These species progressively
block active sites and deplete catalytically active Cu species
through bulk sulfate formation. In contrast, CO2 hydrogenation
process contains the weakly oxidizing species CO2 and strongly
reducing sepcies H2. Thermodynamic calculations (ΔG < 0 at
elevated temperatures, Fig. S8†) and experimental evidence
demonstrate that H2 drives the reduction of SO2 to H2S (Fig.
S9†), which subsequently reacts with catalyst components to
form bulk metal sulfides (CuS, Cu2S, ZnS). Furthermore,
parallels emerge when comparing SO2 interactions in CO2

capture systems due to the presence of O2 5,6. For instance, in
ICCU processes,23,26 SO2 exposure under oxidative conditions
rapidly converts CaO to thermally stable CaSO4, significantly
degrading CO2 capture capacity due to pore blockage and mass
transfer limitations. This underscores the universal challenge of
sulfur poisoning across systems, while emphasizing that the
dominant sulfur species (sulfates vs. sulfides) are dictated by
the local chemical environment—oxidizing conditions favor
sulfation, whereas reducing conditions drive sulfidation.

The surface sulfur speciation analysis by XPS reveals an
intriguing distribution pattern: sulfates and sulfites collectively
account for only 33% of surface sulfur species, with sulfides
constituting the majority. This observation can be rationalized
through three key factors: (1) the absence of gaseous O2 restricts
sulfite formation to ZnO vicinal sites through Zn–O–SO2

interactions; (2) sulfate generation requires dual participation of
metal oxides and reactive oxygen species derived from CO2

activation, imposing strict spatial constraints; (3) dynamic
interconversion between sulfur species under reaction
conditions. Literature reports indicate sulfites exhibit thermal
lability (decomposition >200 °C), while sulfates demonstrate
higher stability (decomposition >650 °C).63–65 Crucially, in the
H2-rich environment, both sulfites and sulfates undergo
progressive reduction to sulfides, establishing a cyclic
transformation pathway (sulfites↔ sulfates → sulfides).

Exposure to SO2 leads to a gradual decline in catalytic
activity. Partial recovery is observed in the short term, but
prolonged exposure results in irreversible deactivation, with
no recovery after complete deactivation. The partial
reversibility observed during transient H2S exposure likely
arises from incomplete poisoning due to insufficient
sulfidation time, allowing the decomposition of sulfites/
sulfites to release the active sites. However, once full bulk
sulfidation is achieved (confirmed by XRD), the deactivation
becomes irreversible, with no significant activity recovery.
XRD results indicate that complete deactivation occurs after
Cu and ZnO are transformed into CuS, Cu2S, and ZnS phases,
confirming the catalytic inactivity of these bulk sulfides. The
short-term recovery of activity is attributed to the residual
catalytic activity of un-sulfidized material. However, once a
complete phase transformation occurs, catalytic activity
cannot be restored. Together, these findings highlight the
detrimental effects of SO2 on the catalyst, emphasizing the
need for developing sulfur-resistant catalysts or advanced
sulfur-removal methods. These insights are critical for
improving the durability of CO2 hydrogenation processes
under industrial conditions.

3 Conclusions

This study systematically investigated the impact of SO2 on
the structural and catalytic properties of Cu–ZnO–Al2O3

catalysts. The results revealed that SO2 exposure induces
significant changes in the catalyst composition, leading to
substantial deactivation. Specifically, sulfates and sulfites are
adsorbed on the catalyst surface blocking active sites and
impairing catalytic performance. This is further corroborated
by the formation of metal carbonyl species, indicating that
sulfur species hinder the desorption of CO. In addition, SO2

exposure caused the progressive transformation of Cu and Zn
into catalytically inactive metal sulfides (CuS, Cu2S, and ZnS).
Overall, the combined effects of metal sulfide formation and
surface sulfate/sulfite accumulation significantly reduce
catalytic activity, underscoring the detrimental role of SO2 in
catalyst deactivation. These findings provide critical insights
into the mechanisms of SO2-induced catalyst poisoning,
which are essential for developing sulfur-tolerant catalysts for
CO2 hydrogenation under industrial conditions.

4 Experimental section
4.1 Materials

The industrial Cu–ZnO–Al2O3 catalyst used in this study was
purchased from Tianjin Kaite New Material Technology Co.,
Ltd. The concentrations of Cu, ZnO, and Al2O3 in the catalysts
were 59.1%, 29.0%, and 11.9%, respectively, as determined by
ICP-OES (iCAP 7400, Thermo Fisher, Table S3†).

4.2 CO2 hydrogenation

The CO2 hydrogenation reactions were carried out in a fixed-
bed quartz reactor with an inner diameter of 6 mm. The
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catalyst (0.05 g) was loaded into the reactor and held in place
with quartz wool. The reactor was connected to a gas feed
system that allowed precise control over the flow rates of
CO2, H2, and SO2. Before the catalytic tests, the Cu–ZnO–
Al2O3 catalyst was reduced in situ at 500 °C in a 5% H2/N2

flow for 2 h to generate the active metallic Cu phase. The
reaction gas mixture was passed through the reactor at a total
flow rate of 60 mL min−1, and the pressure inside the reactor
was maintained at 1 bar. The reaction was conducted at a
temperature range from 300–700 °C, and the products were
analyzed using a Gasboard 3100 Gas Analyzer (Hubei Ruiyi
Co., Ltd). The catalyst was exposed to different
concentrations of SO2 (ranging from 0 to 2%) in the CO2/H2

(1 : 1) gas mixture to evaluate the effect of SO2 on the catalytic
performance. For each condition, the experiment was
repeated three times to ensure reproducibility.

4.3 Catalyst characterization

STEM with energy-dispersive X-ray (EDX) spectroscopy was
carried out using a high-resolution field emission TEM (JEM-
2100F), which features advanced drift correction technology.
The instrument was operated at an electron acceleration
voltage of 200 kV, offering a point resolution of 0.23 nm and
a scanning transmission electron microscopy (STEM)
resolution of 0.20 nm. The lattice resolution achieved was
0.10 nm, enabling detailed elemental analysis across a broad
spectrum, from beryllium (Be, atomic number 4) to uranium
(U, atomic number 92). Molybdenum grids were employed to
prevent interference from copper scattering.

Powder XRD analysis was performed using a PANalytical
Empyrean series diffractometer equipped with a high-definition
Bragg–Brentano mirror. The instrument operated at 45 kV and
40 mA, utilizing Cu Kα radiation (λ = 1.5406 Å). Data were
collected within a 2θ range of 5–90° with scanning speed of
0.013° per step. Operando XRD experiments were performed in
PANalytical Empyrean series diffractometer equipped with
reactor chamber XRK 900 from Anton Paar. The collected 2
theta range is 25–65° with scanning speed of 0.013° and 42
second per step. The sample was pre-reduced in 5% H2/N2

stream (100 mL min−1) at 500 °C for 2 h. After reduction, the
sample were in the different flow by 100 mL min−1 CO2/H2 (1 :
1) or CO2/H2 with 0.5% SO2 under 500 °C for different min. The
XRD patterns were recorded continuously for all stages.

XPS was carried out with an ESCALAB Xi+ instrument
(Thermo Fisher Scientific) in an ultra-high vacuum environment
(less than 1.0 × 10−9 mbar). A monochromatic Al target and
magnetic lens mode were used, with a 500 μm X-ray beam spot.
Survey spectra were recorded with a pass energy of 160 eV and a
step size of 1.0 eV, while narrow scan spectra were recorded at a
pass energy of 20 eV and a step size of 0.05 eV. Samples,
supported on carbon tapes, were transferred from the glovebox
to the XPS chamber via an air-tight cell, ensuring no exposure
to air.

H2-TPR was carried out using a Micromeritics AutoChem
2920 instrument equipped with a thermal conductivity

detector (TCD). Approximately 100 mg of sample was placed
in a U-shaped quartz reactor. Prior to measurements, the
sample was dried in an argon flow at 300 °C for 30 min with
a heating rate of 10 °C min−1. H2-TPR was conducted under a
5% H2/Ar mixture, heating from room temperature to 500 °C
at a rate of 10 °C min−1.

DRIFTS measurements were carried out using a Nicolet 6700
FTIR spectrometer, equipped with a mercury cadmium telluride
detector. Operando DRIFT spectra were recorded with 32 scans
at a resolution of 4 cm−1. Prior to measurements, the catalysts
were pretreated in situ with a 30 ml min−1 flow of 5% H2 at 500
°C for 2 h. Background spectra were recorded at the same
temperature under a nitrogen flow. Following this, the catalysts
were exposed to a gas flow with the desired composition,
maintained at a constant flow rate of 30 ml min−1 at the
required temperature.
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