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ABSTRACT

Conventional metal-loaded zeolite catalysts often suffer from deactivation due to coking and sintering.
To address this, hybrid-functional Ni-CaO-Ca,SiO, catalyst was prepared and evaluated for H,-rich
syngas production by pyrolysis—catalytic gasification process, achieving maximum H, yield of 113.21
mmol g ' pasiic. The catalyst deactivation behavior, along with the structural evolution and surface
chemistry of the hybrid-functional catalyst, was investigated by means of both ex situ and in situ
characterization techniques. After cycles, Ni oxidation at the surface of particle, slight Ni sintering, a
decrease in Ni/NiO ratio, and surface enrichment of O—C=0 species were observed. Although metallic
Ni was detected by PXRD (Powder X-ray diffraction) in the bulk, surface X-ray photoelectron
spectroscopy (XPS) revealed the absence of metallic Ni and the predominance of NiO on the catalyst
surface, suggesting surface-initiated deactivation and pore blockage. In situ PXRD results confirmed
the reduction of NiO by pyrolysis products. These findings elucidate the fundamental behavior of the
catalyst under realistic conditions and provide practical insights for designing durable and efficient
catalysts for waste valorization. These dynamic observations distinguish this work from studies based
mainly on post-reaction characterization and provide mechanistic insight into catalyst activation,
deactivation, and structural evolution. The integrated ex situ/in situ approach offers a useful framework
for designing durable catalysts for plastic-waste valorisation.

Keywords: Pyrolysis—catalytic gasification; Hydrogen; Hybrid-functional catalyst; Plastic waste; In
situ PXRD.

1. Introduction

Although personal protective equipment, such as plastic masks, has gradually faded from public
memory following the pandemic, global plastic production increased from 400.4 Mt in 2022 to 413.8



Mt in 2023 [1,2]. Meanwhile, only 0.1% of global plastic waste underwent chemical recycling, while
less than 0.1% was captured as carbon. Given the escalating environmental concerns, it is essential to
enhance current plastic waste management methods to meet rising demands and challenge. Global H,
production reached 97 Mt in 2023 and remained largely dependent on unabated fossil fuels [3].
However, low-carbon H, which relies mostly on production from fossil fuels integrated with carbon
capture, utilisation and storage (CCUS) technologies accounts for less than 1% of global production.
Based on announced projects, low-carbon H, production could reach 49 Mt per annum by 2030 [4],
underscoring the accelerating global commitment to clean H, technologies. H, production techniques
such as photocatalysis [5,6], electrocatalysis [7,8], plasma catalysis [9,10], mechanocatalysis [11], dry
reforming [12,13] and others [14,15] have been widely reported. Pyrolysis—catalytic gasification with
the designed hybrid-functional catalyst is a relatively mature CCUS-aligned technology, wherein
plastics decompose to radicals intermediates that are subsequently catalytically gasified in steam to
yield H,-rich syngas, offering both sustainable H, production and plastic waste mitigation [16—18].
Typically, pyrolysis—catalytic gasification catalysts consist of active metals supported on mesoporous
molecular sieves, especially zeolites with silica/alumina frameworks [19-21]. These catalysts continue
to be extensively employed and exhibit remarkable resilience and adaptability, finding wide application
in H, production [22], liquid hydrocarbon production [23], carbon nanotube synthesis [24],
hydroconversion of plastic oils [25] and even in the dry reforming of methane [26]. However, these
conventional catalysts are prone to rapid deactivation, primarily due to coking, metal sintering,
encapsulation, poisoning, and degradation of the catalyst support framework [27-29]. In response,
recent studies have explored various modifications to both the active metals and the catalyst supports,
including the incorporation of bimetallic systems, lowering the operating temperature to reduce energy
consumption [15,30], carbon dioxide (CO,) sorbents as well as structural stabilisers [12,16,31-34].
These efforts are largely motivated by the complexity of radical species generated during the high-
temperature pyrolysis of plastics. For instance, hydrolysis and pyrolysis can occur simultaneously
during the steam reforming of polyesters [35], which subsequently undergo catalytic gasification to
yield H, and unwelcomed carbon deposition. While some efforts have been made to elucidate the
underlying mechanisms, detailed understanding of the dynamic structural evolution of catalysts during
this two-step process remains limited. This research gap continues to hinder the development of more
efficient and durable catalytic systems.

Building on this context, Ni-Ca0O-Ca,SiO, catalysts were employed to unveil the structural evolution
and catalytic performance during pyrolysis—catalytic gasification of plastic for H,-rich syngas
production. Compared with conventional Ni-supported molecular sieves, the structural transformations
during and after reaction can be more clearly characterised, offering deeper insight into structure—
performance relationships. In previous work, we have proved that Ni loading is the decisive factor for
enhancing H, and syngas production irrespective of the samples porous properties [16]. Moreover,
Ca,Si0, plays a significant role in suppressing catalyst sintering and formation of favourable active
metal distribution [16]. Nickel was selected for its proven ability to cleave C—C and C-O bonds [37—
39]. CaO, serving as both a major structural component and a CO, sorbent, promotes reaction
equilibrium and suppresses coking [28,40—42]. Ca,SiO, acts as a structural stabilizer, forming sintering-
resistant and anti-agglomeration sea anemone-like morphologies [12,16,32]. Representative studies on
H, production from solid-waste pyrolysis—catalytic gasification are summarised in Table 1. These
studies support the rationale for using CaO-containing catalyst systems and indicate the broader
relevance of this design strategy for solid waste conversion.

Table 1. Comparison of catalytic performance and reaction configurations for H, production from waste
solid pyrolysis—catalytic gasification

Catalyst Feedstock Reaction Reaction configuration Highest ?l% Yield
& Selectivity

References
Temperature




900 °C 113.21 mmol g!
ofLDPE and

Two-stage fix-bed reactor,

Ni-CaO-Ca,SiO4 Plastics 58.1 mmol g!' ¢ This work

gasification
PET,
63.53 vol%
Ni-Ca0-Ca,SiOy4 Sawdust 850 °C Mixed feed in TG-MS 626 mL Hy g7' ¢ [32]
sawdusts
~61 vol %
Li,CO;-Na,CO;- Corn cob 600-900 °C Feedstock inlet with CaO 832.90mL H,g=!  [43]
K,CO; molten salt and steam of biomasss 08.67
vol%
CaO (SS)-LR  Chinese 600-800 °C Steam reforming 15.13 mmol g=! oy [44]
(leaching residue medicine feedstock>
from steel slag) residues
67.5 vol%
LajpAl;(-Nis/CaO  Cellulose 450-500 °C Two-stage fix-bed reactor, 26.5 mmol g=!' s [45]
gasification, mild operating  ouiose,  98.8 %
conditions purity
CaO Cellulose 550-800 °C Two-stage fix-bed reactor, 680 mL H, g=! s [46]
gaSiﬁcation celluloses
~ 50 vol%
CaO Plastic, woody  650-950 °C Simulation using Aspen 65.2 mol% [47]
biomass Plus

Reported values follow the yield basis used in the original publications.

In recent years, research on H, production via solid waste pyrolysis—catalytic gasification has primarily
focused on improving catalyst design [32,43], employing cost-effective catalysts [44], reducing the
reaction temperature [45], and exploring alternative catalytic approaches such as microwave-assisted
catalysis [48]. Although the deactivation of conventional metal-zeolite catalysts under high-
temperature conditions is well documented, the extent and underlying mechanisms of deactivation
under specific experimental conditions remain insufficiently investigated.

The effects of real-world plastic feedstock type, gas collection time, water injection rate, and cyclic
stability on H,-rich syngas production were investigated, which was as high as 113.21 mmol g7 o¢ prastic-
A combination of ex situ techniques, including thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), PXRD, XPS, and pyrolysis gas
chromatography—mass spectrometry (Py-GC-MS), along with in situ PXRD, was employed to monitor
the structural evolution of pre- and post-reaction catalysts. Particular attention was given to carbon
deposition and the evolution of Ni and NiO, including the crystallite size, molar ratio, surface atomic



concentration and unit cell volume. These findings offer insights into deactivation mechanisms and
inform future design of hybrid-functional catalysts.

2. Experimental
2.1. Materials

All chemicals used in this research were purchased from Sigma-Aldrich, UK with purities over 99%.
The preparation of the catalyst has been reported previously. 5 mmol of tetraethyl orthosilicate (TEOS,
Si(OC,Hs),) was dissolved in 500 mL of 1 mmol L™! nitric acid (HNOs) and stirred at 600 r min~! at
room temperature (RT) for 45 min. Then, 45 mmol calcium acetate hydrate (Ca(C,H;0,),) and 3.4980
g of nickel(Il) nitrate hexahydrate (Ni(NO;),-6H,0) were added to the solution after TEOS was
completely hydrolyzed. After the precursor became homogeneous, it was dried at 95 °C in an oven
overnight. All the dried precursors were calcined at 850 °C (ramping rate 5 °C min™!) for 1 h in air. The
catalyst sample was denoted as Ni-CaO-Ca,SiO, and sieved to a size between 50 to 180 um before
experiments and characterization. Volvic natural mineral water (500 mL) bottles, caps, and labels were
cut into small fragments (15 X 3 mm) as feedstock and denoted as PET, HDPE (high-density
polyethylene ) and LDPE (low-density polyethylene) respectively. The proximate and ultimate analyses
of those feedstocks were obtained from SOCOTEC, UK and given in Table S1.

2.2. Experimental set-up

Experiments were undertaken using a two-stage fixed-bed reactor for pyrolysis—catalytic gasification
experiments (Fig. S1) [16]. Pyrolysis of the plastic waste occurred in the first stage at 600 °C, and the
produced volatiles were passed directly to the second stage, where catalytic reactions occurred at 900 °C.
Nitrogen (N,) was introduced into the process from the top of the pyrolysis reactor as the inert purge
gas with a flow rate of 110 mL min™!. The plastic sample (0.5 g) was placed in the first stage, and the
catalyst (0.5 g) was placed in the bottom stage; quartz wool (around 0.5 g) was used to spread out the
catalyst. During the experiments, the catalyst bed (second stage) was preheated to 900 °C. Then, the
pyrolysis stage was heated from RT to 600 °C with a heating rate of 40 °C min~!. Water was introduced
into the second stage of the process via a syringe pump with a flow rate of 1.5, 3.75, and 5 mL h'!,
respectively. Heating of the top pyrolysis stage, water injection and gas collection started at the same
time. The gaseous products from the process were passed to a condensation system to trap the
condensable liquids, followed by gas collection in a 12 L Tedlar® gas sampling bag. The gas collection
time was 60, 90, and 120 min respectively as one of the process optimization parameters.

2.3. Analytical methods

The gaseous products were collected by the Tedlar® gas sampling bag and analyzed by gas
chromatography (GC) with a Thermal conductivity detector (TCD) using a capillary column (30 m X
0.25 mm, Thermo Scientific TraceGOLDTM TG-WaxMS A).

The spent catalysts were analyzed by temperature programmed oxidation (TPO) using a
thermogravimetric analyzer (TGA) (Mettler Toledo TGA/DSC 3 + system) to determine the oxidation
characteristics of carbon deposited on the catalyst. Each spent catalyst sample was placed in the TGA
and heated in air at a flow rate of 20 mL min™! to 900 °C at a heating rate of 15 °C min~!. All the samples
were held for 10 min at 120 °C to remove the moisture.

The spent catalysts were characterized by scanning electron microscopy (SEM) (Zeiss GeminiSEM 300)
to determine surface morphologies of the catalyst particles. The element distributions of fresh catalysts

were explored with energy-dispersive X-ray spectroscopy (EDS) associated with the SEM. High-angle

annular dark field (HAADF) STEM (scanning transmission electron microscopy) and corresponding

EDS imaging was performed with an FEI Titan Themis instrument.



X-ray photoelectron spectroscopy (XPS) Analysis was performed using a Thermo NEXSA G2 XPS
fitted with a monochromated Al K, X-ray source (1486.7 eV), a spherical sector analyzer and 3
multichannel resistive plate, 128 channel delay line detectors. All data was recorded at 19.2W and an
X-ray beam size of 400 x 200 um. Survey scans were recorded at a pass energy of 200 eV, and high-
resolution scans were recorded at a pass energy of 50 eV. Electronic charge neutralization was achieved
using an ion source (Thermo Scientific FG-03). Ion gun current = 150 pA. Ion gun voltage =40 V. All
sample data was recorded at a pressure below 107 Torr and a room temperature of 294 K. Data was
analysed using CasaXPS v2.3.26rev1.0N. Peaks were fit with a Shirley background prior to component
analysis. Line shapes of LA(1.53,243) were used to fit components.

Room temperature ex situ XRD data sets were obtained using a STOE Stadi-Powder X-ray
diffractometer equipped with a Mo tube set to 55 kV and 40 mA (K,1 with A = 0.7093 A), a primary
beam monochromator and Dectris Mythen detector. Measurements was performed in this capillary (0.5
mm) transmission mode with the 26 range of 2° to 50°. The data werre acquired using the STOE
WinXPOW program (version 3.20). Rietveld refinement [49,50] of the solid solutions were performed
using the Topas Academic 7.25 program [51].

For the in situ XRD analysis, the high-temperature reaction furnace HT2 (STOE) was used. Samples
were loaded into the middle of thick quartz capillary tube with total length 160 mm, OD =2 mm, ID =
1 mm. Sample of catalysts was positioned in the center of the quartz capillary tube with HDPE or PET
powder placed on one side. The nitrogen gas was used as a carrier; the nitrogen flow was adjusted to
approx. 30 mm?3 min~!, which is very close to static nitrogen gas atmosphere. Accordingly, the capillary-
based in situ PXRD experiment was used to monitor the relative sequence and tendency of phase
transformations.

Pyrolysis of PET with Ni-CaO-Ca,SiO, catalyst was conducted with a TR-GC/MS system composed
of two p-reactors (Rx-3050TR, Frontier Laboratories Ltd., Japan) interfaced with a high-pressure flow
controller (HP-3050FC, Frontier Laboratories ltd., Japan) and a GC-MS (7890/5977B, Agilent
Technologies, USA). An Ultra Alloy® Capillary Column UA*-5 (30 m length, 0.25 mm i.d., 0.25 pm
film thickness with 95% polydimethylsiloxane and 5% poly diphenyl dimethyl siloxane stationary
phase, Frontier Laboratories Ltd., Japan) was used, with helium used as the carrier gas at a flow rate of
1 mL min~'. After the catalytic stage reached 900 °C, the pyrolyzer was heated from RT to 600 °C at a
rate of 20 °C min~!. The pyrolysis products were trapped by a liquid nitrogen cryotrap before transferred
to the MS through the separation column. The separated compounds were identified using MS (MS ion
source/quadrupole temperature: 230/150 °C, acquisition mode: scan mode (4.83 s™!), scan range: m/z
15-600) with high matching indices with respect to the NIST 08th and F-Search pyrolysis library
databases.

3. Results and discussion
3.1. Catalytic performance testing

In this study, pyrolysis—catalytic gasification of plastic waste was conducted with a hybrid-functional
Ni-Ca0-Ca,SiO, catalyst in a two-stage fixed-bed reactor. The optimum conditions, based on our
previous research, were applied with an N, flow rate of 110 mL min™, a gas collection time of 1 h, and
a catalytic temperature of 900 °C [16]. Four parameters (feedstocks, gas collection time, water injection
rate and cyclic stability without regeneration) were investigated to optimize the H, production with the
resultant mass balance, gas concentration shown in Table S2 and Fig. 1(a—d). TPO and derivative
thermogravimetric temperature-programmed oxidation (DTG-TPO) indicate two types of carbon
species can be distinguished based on their distinct oxidation peaks at different temperatures in Fig.
2(a—d). As clearly shown in the DTG-TPO curves, the peak slightly above 400 °C corresponds to the
combustion of disordered/amorphous carbon, while the peak around 650 °C is attributed to the oxidation
of graphitic/filamentous carbon [20,52].



By replacing PET with HDPE and LDPE as the feedstock, the H, yield increased significantly from
58.10 to 110.31 and 113.21 mmol g! o piasiics» Tespectively (Fig. 1a). This suggests that the hydrogen
content in the feedstock plays a dominant role in determining H, production. According to the ultimate
analysis (Table S1), PET contains 42.7 mg of H per gram of plastics. Using the same approach, HDPE
and LDPE have H contents of 150.5 and 140.4 mg g !4 plasiics- The approximate difference of ~100 mg
g lor plasiics between HDPE/LDPE and PET in H contents aligns well with the experimental results
(110.31-58.1 mg g 'of plasiics)> reinforcing the strong correlation between feedstock H content and H,
yield. This finding further confirms the involvement and significant contribution of water in H,
production since PET feedstock contains only 21.35 mmol of H, g7' of prasiicc While experimentally
obtained H, yield reached 58 mmol g™! ofpiasiic- Moreover, this does not account for hydrogen present in
by-products such as methane (CH,), as well as the minimal amounts of liquid fractions and coke. In
Fig. 2(a), Tables S2 and S3, compared with PET, PE-based feedstocks resulted in higher carbon
production, with carbon yields of 100.43 mg (1.74 wt.%) and 118.24 mg (2.17 wt.%) from HDPE and
LDPE respectively, compared to 76.06 mg (1.39 wt.%) from PET. This finding is consistent with the
ultimate analysis research as shown in Table S1, where the C contents of HDPE and LDPE are around
86.22% and 81.83% respectively, compared with 62.78% for PET. Despite the increased coke formation,
gas production remained promising, as indicated by the comparable or even higher H, yields. Notably,
LDPE generated not only a larger quantity of carbon than HDPE but also a higher proportion of
graphitic/filamentous carbon as shown in Fig. 2(a) and Table S3, which could be attributed to the higher
yield of unsaturated or aromatic intermediates from LDPE pyrolysis, as these are prone to
polycondensation and reorganization into more ordered carbonaceous structures over the Ni-based
catalyst [53—55]. After approximately 30 min of gas collection, the feedstock is considered to have
undergone complete pyrolysis. An additional 30 min is allocated to ensure the complete gasification
and collection of all gaseous products.

To investigate the effect of extended reaction time on H, yield, the gas collection duration was
prolonged to 1.5 and 2 h while maintaining the catalytic temperature at 900 °C, continuously supplying
water without introducing additional feedstock (Fig. 1b). The results showed that extending collection
period to 1.5 h resulted in an enhanced H, yield from 58.1 to 63.33 mmol g™! o piasiic, With negligible
further increase observed at 2 h (63.66 mmol g~! i jasic). Additionally, a slight decrease in carbon
deposition was observed, mainly for amorphous carbon, as shown in Fig. 2(b) and Table S3. This
suggests that the additional steam facilitated further reactions of coke and produced H, (Reaction 1 and
Reaction 3). The similar amounts of coke deposits observed in TGA-TPO analyses for both 1.5-h and
2-h collections (Fig. 2b) indicate that all coke susceptible to the Reaction 1 and Reaction 3 had been
consumed by 1.5 h. To investigate the effect of excess water on H, production, water injection rates
were systematically varied at 1.5-, 3.75-, and 5-mL h~! with gas collection time of 1 h (the
stoichiometric amount of water required is 1.29 mL per gram of PE or 0.65 mL per gram of PET). The
results indicate that excess water effectively shifted the reaction equilibrium to enhance H, production,
with yields increasing from 45.68 to 54.73 then 58.1 mmol g~! ¢ pusic (Fig. 1c). Notably, syngas
production initially decreased from 72.32 to 65.60 then 72.00 mmol g! o jjasic. This non-monotonic
trend was accompanied by a significant increase in the CO, fraction in gaseous product at higher water
injection rates, suggesting enhanced water-gas shift activity (Reaction 2).

According to the TPO data (Fig. 2c), a 1.5 mL h~! of water injection rate resulted in a notably highest
amount of carbon deposition of 4.26 wt.% as shown in Table S2, particularly in the form of
graphitic/filamentous carbon (Table S3). This observation suggests that an increase in water content
can significantly alter not only the quantity but also the nature of the carbon formed. However, the TGA
profiles for 3.5- and 5-mL h~' of water injection rates were essentially identical, indicating that once an
optimum amount of water is reached, further increasing the introduction of water no longer exerts a
significant influence on the carbon deposition behavior. Additionally, an excessive amount of steam
might lead to a more homogeneous gas-phase environment.

Cyclic stability tests were conducted without catalyst regeneration, and the H, yield decreased from
58.1t042.72 then 39.01 mmol g~! ;¢piasiic from 1st to 3rd cycle of experiment (Fig. 1d). It is hypothesized
that coke formed on the catalyst surface after the 1st cycle of experiment, blocking active sites and
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causing a significant decrease in H, yield in the 2nd cycle of experiment. Alongside H,, syngas yield
also decreased, while CO, and CH, production steadily increased. As further evidence, after 3rd
consecutive catalytic cycles without regeneration, the weight of graphitic/filamentous carbon increased
significantly from 15.76 to 78.47 mg (Fig. 2d and Table S3). This trend suggests that over multiple
cycles, the catalyst surface becomes progressively covered with more stable, ordered carbon forms,
which are less susceptible to gasification. The increase in ordered carbon supports the hypothesis that
coke formation contributes to the reduction in H, production. Although the catalyst degraded
significantly after three cycles, it still exhibited catalytic activity compared to the experiment without a
catalyst in previous research [16], where H, production was only 37.46 mmol g 'o¢ plasic. This finding
further supports the potential of developing hybrid functional catalysts to enhance H, production from
plastic waste pyrolysis—catalytic gasification process.

C +H,O0 = CO + H, Reaction 1
CO + H,0 = CO, + H, Reaction 2
C+2H, = CH; Reaction3

CH, + H,O = CO +3H, Reaction 4
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3.2. Pre- and post-reaction catalysts structural evolution

The SEM images of the spent catalysts after the 1st and 3rd cycles, with PET used as feedstock, are
presented in Fig. 3(a—c) and Fig. 3(d—f), respectively. No significant differences in the overall surface
morphology were observed, indicating that the catalyst maintained good structural stability after three
cycles. To further investigate the distribution of active components, a specific region of spent catalyst
following the 1st cycle was selected for SEM imaging (Fig. 3g) and EDS elemental mapping (Fig. 3h).
In Fig. 3(h), blue color indicates the distribution of Ca, appearing uniformly distributed as the
fundamental structural framework of the catalyst; yellow color indicates the distribution of Si while
pink color indicates the distribution of Ni. As shown in Fig. 3(i), Ni particles were generally well-
dispersed across the catalyst surface. It is worth noting that partial agglomeration of Ni particles was
also observed in several areas, one of which is indicated by the red dashed circle. This phenomenon can
be seen more clearly in Fig. 3(i).

As shown in Fig. 3(j), the fresh catalyst contains no detectable metallic Ni. It is primarily composed of
NiO, with small amounts of CaCOj; and a significant quantity of Ca(OH),. The presence of Ca(OH),
and CaCQOs; is likely a result of the hydration and carbonation of CaO upon exposure to atmospheric
moisture and CO, during storage. After the 1st catalytic cycle, a notable amount of metallic Ni emerges,
although traces of NiO remain detectable. This could be attributed to the continued presence of steam
in the second stage of the reactor after the plastic has been fully decomposed from the first stage of the
reactor, leading to partial re-oxidation of the previously reduced Ni species. Fig. 3(k) shows the XRD
patterns of the spent catalysts after the 1st and 3rd cycles, while Fig. 3(1) provides a zoomed-in view of
the 26 range from 16° to 29°. A clear sharpening of the Ni diffraction peaks and further growth of the
NiO phase are observed, suggesting that Ni sintering occurs during repeated reaction cycles.

The crystallite sizes of Ni and NiO, along with their molar ratio, were obtained through combined
analysis using the Scherrer equation and Rietveld refinement [49,50] (Table S5). An investigation based
on gas collection time revealed that the crystallite sizes of both Ni and NiO did not exhibit significant
differences (Fig. 3m). However, the Ni/NiO molar ratio showed a pronounced decline (Fig. 3p).
Decomposition of plastic sample was essentially completed within the first 30 min, yet water injection
continued beyond this point. This sustained presence of steam after pyrolysis at elevated temperatures
led to the gradual re-oxidation of the reduced Ni. Notably, by comparing gas collection times of 1 and
1.5 h, the Ni/NiO molar ratio had already dropped from 2.64 to around 0.88, indicating that the amount
of NiO exceeded that of metallic Ni during this additional 30 min (Fig. 3p). After an additional 30 min
to 2 h, this ratio decreased even further, reaching approximately 0.38, confirming the progressive Ni
oxidation in the latter stage of the process.

Water plays a significant role in the catalytic pyrolysis-gasification process for H, production.
Concurrently, by limiting the gas collection time to 1 h, the Ni/NiO molar ratio exhibited a notable rise
from 0.88 to 1.66 and then to 2.64 as water injection rate increases (Fig. 3q). It is worth noting that even
at 1.5 mL, the amount of water was already in excess under the given reaction conditions. Nevertheless,
further increasing the water injection rate significantly enhanced the Ni/NiO molar ratio, which in turn
improved the catalyst activity and boosted H, yield (Fig. 1c). Given that H, yield increases with water
injection rate, these results suggest that water played a critical role in enhancing the gasification process
of plastic. After the 1st and 3rd cycles, a slight increase in the crystallite sizes of Ni and NiO was
observed in the spent catalysts (Fig. 30) due to the sintering of Ni and NiO particles. After the 1st cycle,
the Ni/NiO ratio increased significantly from 0.04 to 2.64, indicating the self-reduction of the catalyst
during the reaction. After the 3rd cycle, the Ni/NiO molar ratio decreased from 2.64 to 1.48, which is
believed to be one of the reasons for the catalyst’s poor performance in H, production (Fig. 3r).
HAADF-STEM imaging and EDS analysis were conducted on the spent catalyst after the first cycle to
investigate the elemental distribution on the small catalyst particles (Fig. 3s—v). A representative Ni
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particle was selected to examine its oxidation behavior. EDS mapping (Fig. 3v) revealed that the oxygen
intensity in the outer region of the Ni particle (area 2) was significantly higher than that in the inner
region (area 1), indicating surface oxidation. This result was further supported by the EDS line-scan
profiles acquired across the green-boxed region, as shown in Fig. 3(w). Notably, distinct peaks in the
O intensity were observed at approximately 15 and 75 nm, corresponding to the oxidized outer layers
of the Ni particle, while the inner region retained the structure of metallic Ni. This finding is consistent
with the XRD results.

The surface elemental compositions of all samples were determined via XPS, with detailed results
summarised in Table S4. Fig. 4(a—d) present the surface molar ratios of surface C/Ca for post-reaction
catalysts obtained under varying reaction parameters. As calcium remains relatively stable during the
reaction, this ratio is employed as an indicator of surface carbon enrichment. Higher surface C/Ca molar
ratio values reflect greater surface carbon atomic percentages. In addition, the wt.% of carbonaceous
deposition derived from TGA-TPO analyses are also included for comparison (Table S2).
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Fig. 4(a) shows that using HDPE and LDPE as feedstocks results in more substantial coke on the
catalyst surface than PET due to the higher C contents shown in Table S1. This observation aligns with
the TGA-TPO results presented in Fig. 1(a) and Table S3. Extending reaction time to 2 h does not
induce further carbon removal, as reflected by the minimal differences observed in both the surface
C/Ca molar ratios and the C wt.% across the three samples (Fig. 4b). However, a closer inspection
reveals that the surface Ni/Ca molar ratio increases moderately from 4.3% to 7.9% under prolonged
reaction conditions (Fig. 4e). This observation suggests carbon removal during the reaction is
unmasking the Ni on catalyst surface.

As shown in Fig. 4(c), increasing the water injection rate gradually reduces carbon deposition on
catalyst surface, in agreement with earlier findings as shown in Fig. 2(c). Similarly, Fig. 4(d) confirms
the accumulation of carbon over repeated catalytic cycles which is consistent with the TPO results as
shown in Fig. 2(a). To further elucidate the nature of the deposited carbon species, XPS C 1s spectra of
selected samples are presented in Fig. 4(f, g). A pronounced increase in the O—C=0O peak at
approximately 289.7 eV is observed, which may be partially attributed to the CaCOs; (Fig. 3k) [28,56].
Fig. 4(h) presents the Ni 2p XPS spectra of the spent catalysts, providing further insight into the
mechanisms of catalyst deactivation [16]. The XPS spectrum of the fresh catalyst can be found in our
previous publication. Taking the 3rd cycle as an example, although XRD indicates the presence of
metallic Ni, which in amount is approximately 1.48 times greater than that of NiO (Fig. 3r), XPS reveals
that almost no metallic Ni° (Ni 2ps/, = 852.6 eV) is detected at the surface [57]. Considering the surface-
sensitive nature of XPS (a few nanometers in depth) and the bulk-penetrating ability of XRD and given
that the surface atomic concentration of Ni remains low (<1.6%, see Table S4), it is inferred that the
remaining active Ni species are predominantly confined within the porous structure of the catalyst,
which is likely obstructed by accumulated carbon deposition, particularly after repeated use. This
finding is consistent with previous reports, which demonstrated that catalyst deactivation predominantly
occurs at or near the outer surface, where substantial pore blockage by accumulated coke restricts access
to internal active sites [29,58]. As a result, the reduced accessibility of these Ni sites could account for
the observed decline in catalytic activity.
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3.3. In situ characterization and mechanistic insights

The performance optimization results and ex situ characterization discussed above suggest that
catalyst deactivation is associated not only with coke accumulation, but also with the evolution of Ni-
containing phases. Particularly, ex situ XRD of the spent catalyst revealed the oxidation of metallic
Ni, accompanied by apparent Ni crystallite growth, suggesting that structural changes in the active
phase may contribute to the observed deactivation behaviour. To further elucidate the progression of
these phase transformations under reaction-relevant conditions, in situ PXRD was employed to
monitor the oxidation/reduction behaviour and crystallite evolution of Ni-containing phases.

The evolution of PXRD diffraction data from fresh Ni-CaO-Ca,SiOy catalyst during the heating from
room temperature (RT) to 900 °C, followed by a 30-min isothermal stage at 900 °C (denoted as

900 °C*) is reported in Fig. 5(a). Upon heating from RT to 400 °C, the catalyst structure remained
largely stable. In the 400-500 °C range, HDPE underwent thermal decomposition (Fig. S2),
generating reductive gases that led to the emergence of metallic Ni peaks, providing clear evidence of
NiO reduction. This in situ reduction marked the onset of catalytic activity, likely facilitating further
cracking of the pyrolysis volatiles. Upon increasing the temperature to 500-600 °C, Ca(OH),
vanished entirely, as evidenced by pronounced reflections corresponding to both CaO and CaCOs.
The CaCOs; phase showed significant growth between 400 and 500 °C, after which it nearly
disappeared by 700 °C, indicating near-complete decomposition.

Given the absence of oxygen in both the PE feedstock and the N, carrier gas, the formation of CaCO;
implies that the oxygen source might be the reduction product of NiO, or water released during Ca(OH),
decomposition [59,60]. The latter could have reacted with pyrolysis gases to generate CO,, which was
subsequently captured by CaO. This low-temperature structural transformation warrants further
investigation to understand the mechanism of transformations between Ca(OH),, CaO, and CaCO; in
the presence of gases released during thermal decomposition of plastic. While CaO is likely to be a
decomposition product of Ca(OH),, CaCOs is likely to be formed from CaO via fast absorption of CO,
gas; but CaCQOj is not thermodynamically stable at high temperatures thus it further decomposes into
CaO with release of CO, gas which partially re-oxidizes the metallic Ni to NiO. At higher temperatures
(above 700 °C), the catalyst structure stabilized, with only Ni and CaO phases dominating.

Residual NiO was minimal and progressively reduced with increasing temperature (Fig. 5d), likely due
to the diffusion of the remaining pyrolysis gases in the quartz capillary during the heating process, even
after HDPE decomposition had concluded. Additionally, as shown in Fig. 5(e) and Table S6, the
progressive formation of metallic Ni was observed from 500 °C (the diffraction data at previous
temperature step 400 °C indicated no Ni in the sample) and the unit cell volume of Ni gradually
increased with temperature due to thermal expansion. The unit cell volume of NiO also exhibited
thermal expansion with increasing temperature. In situ XRD analysis was also conducted with PET-
loaded samples (Fig. 5b). Only strong reflections from CaCO; and NiO were observed at RT, whereas
Ca(OH), was absent, possibly due to differences in storage conditions. Given that PET pyrolyzes
between 400-500 °C (Fig. S2), the appearance of metallic Ni and the concurrent attenuation of NiO
reflections at 500 °C are consistent with its thermal behavior. Notably, in contrast to HDPE-loaded
sample, in which CaO was already detectable at 500 °C (Fig. 5a), only a weak CaO reflection was
observed at 700 °C in PET-loaded sample, together with CaCO; (Fig. 5b). Eventually, both NiO and
CaCO; were no longer detectable within the observable scale, and the sample remained stable thereafter.

The in situ PXRD data for the PET-loaded sample are presented on the Fig. 6(a). The main difference
compared to Fig. 5(b) is the slower heating rate, with scans taken every 5 °C and a 2.5-min hold at each
temperature, ramp rate between temperature points is 50 °C. Fig. 6(d) provides a clear indication of the
processes occurring during step heating by listing the mass percentages of each component. Prior to the
onset of PET pyrolysis, Ca(OH), decomposes at approximately 400 °C, producing a small amount of
CaO. This process proceeds only until around 430 °C, beyond which CaO begins to absorb CO,,
resulting in the formation of thermodynamically stable CaCOj;. Notably, no coexistence of Ni and CaO
are observed until all available CaO has been consumed, suggesting that under these conditions, the

15



pyrolysis gases from PET are preferentially captured by CaO rather than acting as reducing agents for
NiO. Given the extended reaction and scan duration, it can be reasonably assumed that only minimal
pyrolysis gas remains by approximately 640 °C.
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Interestingly, a sharp decline in the wt.% of Ni is observed between 640 and 680 °C, after which the
crystalline composition is dominated by CaO and NiO. This observation is further supported by the
molar ratio of Ni/NiO shown in Fig. S3 and Table S7. We propose that this abrupt transformation is
attributable to the decomposition of CaCO; at slow heating within this temperature range, which leads
to the release of a significant amount of CO,, thereby oxidizing Ni to NiO. The detailed structural
evolution of the sample between 600 and 700 °C within a specific 26 range of diffraction data is shown
in Fig. 6(b), while Fig. 6(c) presents a zoomed-in view of the same region. It reveals a progressive
reduction in the intensity of the Ni peak, which ultimately disappears within the 680—700 °C range.
Simultaneously, a slight shift in the NiO peak is observed due to thermal expansion (Fig. 6a—c). Such
peak shifts are reversible, with the NiO peak position returning to its original state upon cooling to RT
(Fig. S4). After reaching 680 °C, no detectable trace of metallic Ni remains. In addition, a pyrolysis-
catalysis product analysis was conducted with the designed hybrid functional catalyst (Fig. 6¢). The
left-hand pie chart represents the sample comprising only SiO,/Al,O3 without any metal loading as the
blank experiment. Compared with the former, the Ni-CaO-Ca,SiO, catalyst significantly suppressed the
formation of benzoic acid, while facilitating the production of biphenyl and other non-carboxylate
aromatic derivatives [41,61]. This shift in product selectivity is primarily ascribed to the CO, adsorption
capability of CaO. Nevertheless, under the high reaction temperature of 900 °C, the captured CO, is
rapidly released, thereby shifting the reaction equilibrium and favoring the generation of deoxygenated
products.

The key contribution of the in situ PXRD analysis is therefore to determine when and how the Ni/NiO
transformation and Ca-containing phase evolution occur during the reaction process. By directly
tracking these dynamic structural changes, the analysis links catalyst activation, Ni re-oxidation, and
phase evolution to the deactivation behaviour identified by ex situ characterization, providing
mechanistic information beyond post-reaction analysis alone.

4. Conclusions

In this study, hybrid-functional Ni-CaO-Ca,SiO, catalyst was prepared and investigated for pyrolysis—
catalytic gasification of plastic waste, achieving the highest H, yield of 113.21 mmol g™} o jasic With
LDPE as feedstock. Increasing water injection rate not only enhanced the yield of H, but also improved
catalyst activity, as indicated by higher Ni/NiO ratio. After three reaction cycles, slight sintering of Ni
particles was observed, accompanied by a reduction in the overall metallic Ni content within the catalyst
and significant accumulation of inorganic O—C=0 species. This finding is proven by the detection of
oxidized shell formation on the outer surface of metallic Ni particles, while XPS revealed that only NiO
was present on the catalyst surface, suggesting that deactivation initiates from the outermost regions.
These findings suggest that avoiding Ni oxidation at the outer particle surface may help mitigate catalyst
deactivation in future designs. The in situ PXRD patterns demonstrated the reduction of NiO to metallic
Ni by pyrolysis products derived from plastic decomposition. The above findings provide meaningful
insights into the rational design of advanced catalysts with enhanced stability, activity, and resistance
to deactivation under realistic, cyclic operating conditions. Moreover, this study proposes an approach
that employs in situ and ex situ PXRD data to analyze catalyst crystal structures, integrated with SEM,
STEM and XPS characterization as well as catalytic performance results, providing a valuable reference
for future novel catalyst investigations and supports the global ‘Net Zero’ ambition.
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This study combines spent-catalyst characterisation with in-situ PXRD to examine how key
reaction parameters affect H> production and catalyst durability, revealing deactivation
mechanisms to guide the development of next-generation catalysts.
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