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Developing energy-efficient, carbon-neutral routes to hydrogen production is critical for industrial
deployment. Here, we demonstrate selective reforming of aqueous ethylene glycol (EG) to produce
CO,-free hydrogen and formate over ruthenium nanoparticles supported on La(OH)s. Under alkaline
conditions, Ru/La(OH)z delivers 2.94 mol H, per mol EG and ~94% yield of sodium formate (SF) at
130 °C. Under bulk reaction conditions, the catalyst achieves a hydrogen productivity of 350 L(H,) g(Ru)™*
and a hydrogen production rate of 2359 mmol(H>) g(Ru)™* h™! (~58 L(H,) g(Ru)~* h™Y) at this mild
temperature. The process was also utilized for the depolymerization of polyethylene terephthalate
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DOI: 10.1039/d6ma01168¢c (PET) waste, enabling CO,-free hydrogen production alongside formate and terephthalate. Overall,

these results highlight Ru/La(OH)s as a promising catalyst for sustainable hydrogen production from

rsc.li/materials-advances EG-based feedstocks.

1. Introduction

Rising energy demand, accelerating climate change, and the
depletion of non-renewable resources have intensified the
search for sustainable energy solutions."” Hydrogen (H,)
is an attractive clean energy carrier; however, it is rarely
available in its free form and is typically bound in compounds,
making its production energy-intensive and often associated
with greenhouse-gas emissions.”® Accordingly, renewable,
biomass-derived feedstocks such as alcohols and polyols are
being explored as sustainable and cost-effective sources of H,.°
Considerable attention has been devoted to C; liquids (e.g:,
formic acid,”° formaldehyde,"*** and methanol'*™"”) for on-
demand H, production, storage, and transport because they are
inexpensive, widely available, and liquid under ambient
conditions.'® In parallel, polyols such as ethylene glycol (EG),
glycerol, sorbitol, and xylitol have emerged as renewable, easily
handled H, sources due to their high hydrogen content. Among
them, EG is particularly appealing because of its high H/C ratio,
complete miscibility with water, and chemical stability under
mild conditions, which make it a strong candidate for aqueous-
phase reforming (APR)."*° In addition, EG can be selectively
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upgraded to value-added chemicals (e.g., oxalic acid, glycolic
acid, and formic acid), enabling integrated H, production with
co-production of high-value chemicals.?*

A wide range of catalysts have been investigated for H,
production from EG, with major efforts aimed at suppressing
undesired by-products such as CO, CO,, and CH,. Homoge-
neous systems based on Ru,?*>* Ir,> and Mn*® have also been
explored for EG to H, transformation; for example, Ru-NNN
pincer and N-heterocyclic carbene (NHC)-based complexes
operate efficiently under alkaline conditions. However, homo-
geneous catalysis is often limited by catalyst recovery, potential
product contamination, and incomplete selectivity, frequently
giving glycolic acid (GA) as the major product.”” These limita-
tions have motivated the development of heterogeneous cata-
lysts, which offer improved recyclability and stability and can
deliver comparatively purer H,. Numerous supported catalysts
(e.g., Ru/Al,03,> Pt-Ni/Al,0;3,*® Ni/Ce0,-Al,0;,> Pt/Al,05,>°
and related systems®' ) have been explored, although many
of them require high reaction temperatures (>250 °C). APR
provides a milder approach and has been demonstrated with
catalysts such as Cu/CNF,"® Ni/CNF,"® Co/Zn0O,* Pt-Co/CeO,-
Zr0,,*® Pt-Mn/CMK-3,%” M/SiO, (M = Ni, Pt, Pd, Ru, Rh),*® and
RANEY™-NiSn.?® Nonetheless, side reactions can still generate
CO, CO, and light alkanes, lowering the H, yield and purity.
Complementary studies have shown that EG can be converted
to valuable C;/C, products via selective C-C bond cleavage
(Scheme 1a).** For example, Pt/Al,O; enables EG reforming
(225 °C, 90% conversion, 96% selectivity), but produces CO,
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Scheme 1 Catalytic hydrogen production from ethylene glycol.

CO,, and CH, (Scheme 1b).?° Bitter et al. addressed this by a
two-step route—EG to GA over Cu/CNF, followed by glycolic
acid (GA) to formic acid (FA) and H, over Ni/CNF—with up to
99% H, selectivity (Scheme 1c).'® Building on these advances,
we recently reported a low-temperature heterogeneous Ru-
based system operating at 110 °C; however, GA remained a
minor side product (Scheme 1d).*°

To address these challenges and further enhance H, yield
from EG at low temperature, we developed a catalyst compris-
ing ruthenium nanoparticles dispersed on La(OH);. The Ru/
La(OH); catalyst selectively converts EG to CO,-free H, and
formate at <140 °C, markedly lower than conventional EG
reforming processes (> 200 °C). We propose that surface hydro-
xyl groups on La(OH); promote favorable interactions with EG
and key intermediates, while Ru provides the dehydrogenation
sites, together enabling selective low-temperature reforming.
The catalyst delivered high turnover numbers and productivity
under both recycling and bulk reaction conditions. Finally, we
also utilized this process to demonstrate H, production from
EG-based feedstock (PET waste) under analogous conditions.

2. Experimental section

2.1. Materials

RuCl;-3H,0 (>99%), NaBH, (98%), La(OH),; (99.9%), TiO,
(99.5%), ZrO, (99%), and ethylene glycol (>99%) were pur-
chased from Sigma-Aldrich (India). High-purity argon was
obtained from Sigma Gases (India). All other reagents and
metal salts were commercially available and used as received
without further purification.

2.2. Catalyst synthesis

Supported Ru catalysts were prepared by wet impregnation
followed by a chemical reduction method, using La(OH)s, Y-
Al,O3, Zr0O,, CeO,, and TiO, as supports. Typically, 90 mg of
support was dispersed in 5 mL of distilled water in a 25 mL
round-bottom flask and sonicated for 20 min. RuCl;-6H,0
(0.1 mmol) was then added, and the mixture was stirred at
room temperature for 12 h. An aqueous NaBH, solution
(0.040 g in 5 mL water) was added dropwise under sonication
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to reduce Ru(m) to Ru(0). The resulting suspension was soni-
cated for an additional 30 min, after which the catalyst was
collected by centrifugation, washed thoroughly with distilled
water, and dried under vacuum prior to catalytic testing. The
Ru loading was quantified by ICP-OES (average of three inde-
pendent measurements; Table S2).

2.3. Catalyst characterization

Transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS) mapping were performed on an FEI
Titan Themis operated at 300 kV. TEM samples were prepared
by dispersing the solid in ethanol (under sonication) and drop-
casting the suspension onto lacey carbon-coated copper grids.
Ru dispersion was estimated from TEM images assuming
spherical particles, using the formula provided in the SI
Scanning electron microscopy (SEM) images and elemental
maps were collected on a JEOL-7610F Plus equipped with an
EDS detector. Powder X-ray diffraction (P-XRD) data were
recorded on a Rigaku SmartLab diffractometer using mono-
chromatic Cu Ko radiation (4 = 0.154 nm) at 40 kv and 30 mA in
the 26 range of 20° to 90°. X-ray photoelectron spectroscopy
(XPS) was performed on a SPECS Surface Nano Analysis system
(Germany) using Al Ka radiation (1486.61 eV); binding energies
were charge-corrected to the C 1s signal (284.6 eV). Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was
carried out on an Agilent 5800 instrument. For ICP-OES, the
catalyst was digested in aqua regia in an autoclave at 180 °C for
4 h, then diluted with water prior to analysis. NMR spectra were
recorded on Bruker Ascend 500 and Bruker Avance 400 spectro-
meters. Gas chromatography (GC) analyses were performed on
a Shimadzu GC-2014 system equipped with a Shin Carbon-ST
packed column and a thermal conductivity detector (TCD),
using argon as the carrier gas. The TCD temperature was
200 °C, and the oven program was 90 °C (hold time 1 min),
then 90-200 °C at 10 °C min ™.

2.4. Catalytic test

Catalytic reactions were carried out in a 25 mL round-bottom
flask equipped with a condenser and a water-displacement
setup. Typically, the catalyst was dispersed in EG with the
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required amounts of water and base. The reaction mixture was
stirred at 600 rpm in an oil bath (100-140 °C) under an argon
atmosphere. The evolved H, volume was measured using a
calibrated water-displacement setup (4.0 + 0.1 mL cm™ '), and
gas composition was analyzed by GC-TCD. After completion,
the catalyst was separated by centrifugation. Liquid products
(formate and glycolate) were quantified by "H NMR using
sodium acetate as an internal standard. Turnover frequencies
(TOFs) were calculated based on total Ru content using the
formula provided in the SI. Reported values represent the
average of at least two independent experiments.

2.5. Recyclability experiment

Recycling tests were performed by reusing the recovered Ru/
La(OH); catalyst under identical conditions (EG (5 mmol),
water (2 equiv.), NaOH (2.1 equiv.), 130 °C, Ar atmosphere).
After each cycle, the catalyst was separated by centrifugation,
washed with distilled water, dried under vacuum, and reused
with fresh reactants.

2.6. Bulk experiment

Bulk-scale reactions were performed using EG (50 mmol) in a
50 mL round-bottom flask with water (2 equiv.) and NaOH
(2.1 equiv.) in the presence of Ru/La(OH); (100 mg) at 130 °C,
following the standard procedure.

3. Results and discussion

3.1. Catalyst synthesis and characterization

Supported metal catalysts often provide improved metal dis-
persion, activity, stability, and reusability relative to unsup-
ported counterparts.”’ Among common supports, metal
hydroxides and oxides are particularly attractive due to their
high surface area and thermal stability.**** We synthesized a
series of Ru catalysts by immobilizing Ru nanoparticles on
La(OH)z;, 7-Al,0;3, ZrO,, CeO,, and TiO, via wet impregn-
ation followed by chemical reduction using NaBH,. For Ru/
La(OH);, the P-XRD pattern shows only reflections of La(OH);
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(JCPDS 00-006-0585), with no detectable metallic Ru peaks,
consistent with highly dispersed, small Ru nanoparticles
(Fig. 1a). Similar patterns were observed for the other sup-
ported catalysts (Fig. S1). SEM-EDX and elemental mapping
indicate uniform Ru dispersion across all samples (Fig. $S2-56),
and ICP-OES confirms Ru loadings of 9-10 wt% (Table S2). TEM
images of Ru/La(OH); reveal Ru nanoparticles with an average
size of ca. 1.5 nm dispersed on the La(OH); support (Fig. 1b, c, e
and Fig. S7). HAADF-STEM further distinguishes Ru nano-
particles (bright contrast) on the La(OH); support (Fig. 1d).
Consistent with EDS, wide-scan XPS confirms the presence of
Ru, La, and O. Deconvolution of the Ru 3p spectrum shows
peaks at 462.9 eV (Ru 3ps/,) and 485.2 eV (Ru 3p,,,), consistent
with metallic Ru(0); a slight positive shift indicates electron-
deficient Ru due to interactions with La(OH); (Fig. 1f).** The Ru
3d spectrum shows peaks at 280.9 eV (3ds,) and 285.1 eV
(3d3y2), with the latter overlapping C 1s at 284.6 eV (Fig. S8). The
La 3d spectrum exhibits doublets at 834.6 eV and 851.3 eV,
assigned to La(m) 3d5/, and 3d;,,, along with shake-up satellites
at 837.9 eV and 854.6 eV (Fig. 1g). The O 1s spectrum shows
peaks at 531.4 eV and 532.5 eV, assigned to La-O and surface-
adsorbed water/hydroxyl groups, respectively (Fig. S9).

3.2. Catalytic dehydrogenation of ethylene glycol

The catalytic performance of the synthesized Ru/support cata-
lysts (supports: La(OH)z;, CeO,, y-Al,03;, ZrO, and TiO,) was
evaluated for EG dehydrogenation to H, and formate in the
presence of NaOH at 110 °C (Fig. 2a). Among the screened
catalysts, Ru/La(OH); showed the best performance, affording
>99% EG conversion with selective formation of H,
(176 mmol(H,) g(Ru) " h™") and 76% yield of sodium formate
(SF) within 7 h (Table 1, entry 1). GC-TCD analysis confirmed
that the evolved gas was pure H,, with no detectable CO, CO,,
CH,, or other impurities (Fig. 2c¢ and Fig. S10). In contrast,
Ru/CeO,, Ru/y-Al,03, Ru/ZrO,, and Ru/TiO, showed lower EG
conversion, lower SF yields (28-40%), and longer reaction times
(10 h) (Table 1, entries 2-5). On this basis, subsequent optimi-
zation studies were performed using Ru/La(OH);.

3
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(a) P-XRD, (b) TEM, (c) particle size distribution, (d) HAADF-STEM image and the corresponding elemental mappings, (€) TEM (Ru nanoparticles are

highlighted by yellow circles), and XPS spectra of the (f) Ru 3p region and (g) La 3d region for the Ru/La(OH)s catalyst.
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Fig. 2 (a) Screening of Ru/support catalysts for H, production from EG, and (b) effect of EG/H,O ratio at 110 °C. (c) Time-course profile (GC-TCD data

in the inset) for EG to H, at 130 °C. Effects of (d) reaction temperature (100-140 °C), (e) base identity, and (f) base concentration (1.5-3.0 equiv.).
[Standard reaction conditions: Ru/La(OH)z (100 mg, 9 wt% Ru), EG (5 mmol), NaOH (2.1 equiv.), water (2 equiv.), 130 °C, and 600 rpm. Dark and light bars
correspond to SF and SG, respectively].

Table 1 Optimization of the reaction conditions for hydrogen from ethylene glycol over the Ru/support catalysts®

HO Catalyst
~—"0oH Hy + NaO" Yo + Nao\)k
EG (5 mmol) Ar, NaOH (2.1 equiv.) SF sc ONa
H,O (4.0 equiv.), 110 °C

H,’ Yield® of Initial Productivity (mmol(H,)
Entry Catalyst (mL) t(h) n(H,)/n(EG) Conv. (%) SF/SG (%) TOF? (h™1) g(Ru)"'h™)
1 Ru/La(OH), 302 7 2.46 >99 76/11 61 176
2 Ru/CeO, 246 10 2.00 94 39/27 24 100
3 Ru/y-AL, O, 218 10 1.78 91 40/28 18 89
4 Ru/ZrO, 166 10 1.36 81 28/22 11 68
5 Ru/TiO, 162 10 1.32 68 39/15 8 66

“ Reaction conditions: Ru/support (100 mg) EG (5 mmol), water (4 equiv.), NaOH (2.1 equiv.), 110 °C and 600 rpm. ? Gas volume was measured
using the water-displacement method. ¢ Yield was determined by "H NMR using sodium acetate as an internal standard. ¢ Turnover frequency
(TOF) was calculated from the volume of H, released during the initial 1 h; TOF = TON/t. SF, sodium formate; SG, sodium glycolate; EG, ethylene

glycol.

Using neat EG, only 55% conversion was obtained, with
102 mL of H, evolved (27.8% H, yield; n(H,)/n(EG) ~ 0.83) over
11.5 h (Table S3, entry 1). Adding water markedly increased the
conversion, likely by improving NaOH solubility and mass
transfer. With 1 equiv. of water, H, evolution increased to
292 mL (79.8% H, yield) within 6.5 h (Table S3, entry 2).

Mater. Adv.

Increasing the water content to an EG/H,0O molar ratio of 1:2
gave 332 mL of gas (90.4% H, yield) in 10 h, with complete EG
conversion and a high SF yield of ~82% (Table S3, entry 3).
further dilution (EG/H,O from 1:4 to 1:10)
decreased EG conversion, presumably because lower effective
EG concentration at the active sites reduces adsorption and

However,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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slows H, generation (Fig. 2c). These results underscore the
importance of optimizing the EG/H,O ratio to maximize selec-
tive conversion to H, and formate over Ru/La(OH);.

Increasing the reaction temperature from 100 to 140 °C
accelerated H, evolution (E, = 46 k] mol™') and improved SF
selectivity (Table S4 and Fig. S11 and S12). Optimal perfor-
mance was obtained at 130 °C, where complete EG conversion
was achieved with a quantitative H, yield and 94% SF yield
within 3 h (Fig. 2d and Table S4, entry 4), highlighting the
strong temperature dependence of both activity and selectivity.
Replacing NaOH with other bases (KOH, KO'Bu, Na,CO;, or
K,CO3) lowered the EG conversion, underscoring the key role of
base identity (Fig. 2e and Table S5). Varying the NaOH loading
from 1.5 to 3.0 equiv. increased H, production and conversion,
with the best results at 2.1 equiv. NaOH. Under these condi-
tions, 360 mL of H, (98% yield) was produced at a rate of
490 mmol(H,) g(Ru)~" h™' at 130 °C (Fig. 2f and Table S6,
entry 2). Complete conversion was also achieved with a lower
Ru loading (5 wt%) in Ru/La(OH);, although with a lower
production rate (468 mmol(H,) g(Ru) ' h™' in 6 h) compared
to 9 wt% Ru (490 mmol(H,) g(Ru)™* h™' in 3 h) at 130 °C
(Table S7, entry 2; Fig. S13).

Furthermore, in situ FT-IR experiments were performed to
probe the role of Ru/La(OH); in EG activation by monitoring
adsorption of EG and key intermediates on the catalyst surface
(Fig. 3). As shown in Fig. 3b, adsorption of EG, glyoxal (GLOX),
and glycolic acid (GA) on Ru/La(OH); at room temperature gave
characteristic bands at 1068, 1555, and 1658 cm™ ', respectively,
which are assigned to the C-O and C=0O stretching vibrations

Paper

of the corresponding adsorbed oxygenated species.*” In addi-
tion, GA exhibited a distinct band at 1376 cm™?, assigned to the
symmetric stretching vibration of the COO~ group.*® Similarly,
formic acid adsorbed on Ru/La(OH); at room temperature
showed characteristic bands at 1577 cm ™' [v,(COO7)],
1350 cm ™" [5(CO07)], and 2870 cm ™' [5(C-H)]. Upon heating
the EG-adsorbed Ru/La(OH); catalyst to 130 °C, the emergence
of bands at 1577 and 1350 cm™ ", assigned to the asymmetric
and symmetric COO™ stretching vibrations of formate, along
with the 2870 cm™ C-H stretching vibration, inferred
the formation of surface formate species during EG
dehydrogenation.*” The time-dependent in situ FI-IR spectra
(Fig. 3c) showed that the characteristic bands for EG adsorption
at 1068 cm™ " and an increase in the band for ate at 2870 cm ™
with progress of reaction time to 130 °C. Furthermore,
temperature-dependent and time-resolved 'H NMR also
revealed the involvement of a glycolate intermediate during
the dehydrogenative conversion of EG to formate (Fig. S14). As
shown in Fig. 3d, increasing the reaction temperature (100-
140 °C) led to a progressive increase in the intensity of SF peaks,
while the intensity of the peaks for the SG intermediate, which
appeared strong at 100 °C, gradually decreased and disap-
peared completely at 130 °C. Similarly, the time-resolved
"H NMR spectra at 130 °C (Fig. 3e) showed a distinct increase
in the intensity of the peaks of formate, while peaks corres-
ponding to glycolate decrease with the increase in the reaction
duration. Collectively, these spectroscopic results demon-
strated that during EG dehydrogenation to formate, glycolate
was possibly involved as a key intermediate species.
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Fig. 3

(a) Plausible reaction pathway for hydrogen production from EG over the Ru/La(OH)s catalyst, FT-IR spectra of (b) Ru/La(OH)s after adsorption of

EG, GLOX, GA, and FA, (c) time-dependent FT-IR spectra of Ru/La(OH)s with adsorption of EG, (d) temperature-dependent and (e) time-dependent
*H NMR spectra of EG dehydrogenation over Ru/La(OH)s. [Reaction conditions: Ru/La(OH)s (100 mg, 9 wt% Ru), ethylene glycol (5 mmol), NaOH
(10.5 mmol), water (10 mmol), 130 °C, and 600 rpm]. EG (ethylene glycol), GLOX (glyoxal), GA (glycolic acid), and FA (formic acid).
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Scheme 2 Control experiments to elucidate the reaction pathway for EG to H, gas and formate transformation.

To further elucidate the reaction pathway, a series of control
experiments was conducted (Scheme 2), with reference to
the optimized standard conditions (Scheme 2, Reaction A,
Fig. S15), where complete conversion of EG was observed with
94% yield of SF over Ru/La(OH); at 130 °C. A control experiment
with glyoxal showed the quantitative yield of SG in the presence
of NaOH under catalyst-free conditions, suggesting that glyoxal
to glycolate is a base-promoted rearrangement pathway
(Scheme 2, Reaction B, Fig. S16). In contrast, glyoxal underwent
catalytic dehydrogenation over Ru/La(OH); at 130 °C to afford
SF (sel. >99% and conversion rate 4.96 mmol h™") with the
evolution of H, gas (3.54 mmol) (Scheme 2, Reaction C,
Fig. S17). Similarly, GA converted to SF with the release of H,
gas over the Ru/La(OH); catalyst in the presence of 2.1 equiv. of
NaOH, with a conversion rate of 4.2 mmol h™' (Scheme 2,
Reaction D, Fig. S18), while Ru/CeO,, Ru/ZrO, and Ru/TiO,
showed poor conversion rates of, respectively, 2.2, 0.7 and
0.3 mmol h™" (Table S8), suggesting the crucial role of the
basic support in achieving enhanced dehydrogenation of EG to
SF (Fig. S19). However, further transformation of FA or SF to H,
was not observed over the Ru/La(OH); catalyst (Scheme 2,
Reaction E, Fig. S20).

Notably, earlier reports showed that basic supports pro-
moted polyol reforming and dehydrogenation by facilitating
alcohol activation, intermediate conversion, and improved
hydrogen selectivity. For instance, Guo et al reported
that glycerol aqueous-phase reforming over Pt/support catalysts
followed the activity order of Pt/MgO > Pt/Al,O; > Pt/CeO, >
Pt/TiO, > Pt/SiO,, demonstrating the beneficial role of support
basicity.*® Similarly, Boga et al. showed that basic Mg(Al)O
supported enhanced H, selectivity in glycerol reforming.*® In
line with these reports, CO,-TPD profiles of Ru/La(OH)z;, Ru/
CeO,, Ru/y-Al,0;, Ru/ZrO,, and Ru/TiO, revealed distinct

Mater. Adv.

differences in their basic site strength (Fig. S21), where Ru/
La(OH); exhibited moderate-to-strong basic sites,*’ Ru/CeO,
and Ru/y-Al,O; showed weak-to-moderate basic sites,”*>* while
Ru/ZrO, and Ru/TiO, possessed only weak basic sites.*"*® The
observed trend in basic sites of the screened catalysts aligned
well with their catalytic activity for EG dehydrogenation: Ru/
La(OH); > Ru/CeO, > Ru/y-Al,0; > Ru/ZrO, > Ru/TiO,.
Accordingly, these findings highlight the crucial role of the
support material in cooperation with the Ru site in achieving
high catalytic activity for EG dehydrogenation, where Ru/
La(OH); outperformed others to achieve complete conversion
of EG. Therefore, based on these findings, the pathway for EG
dehydrogenation is proposed to have the following steps
(Fig. 3a), where EG undergoes initial dehydrogenation to gly-
colaldehyde, followed by base-assisted dehydrogenation to
glyoxal. The resulting glyoxal is then converted to GA either
through a base-promoted rearrangement or via hydration to a
geminal diol followed by dehydrogenation. Finally, GA under-
goes catalytic dehydrogenation to produce FA with the release
of H,.

Notably, EG is a key component of polyethylene terephtha-
late (PET) and can be released from PET waste via hydrolysis,
alcoholysis, or related depolymerization processes. To broaden
the scope of the developed system, we therefore evaluated a
simultaneous depolymerization cum dehydrogenation of PET
waste under analogous reaction conditions. At 130 °C, complete
PET conversion was achieved within 1 h, accompanied by an H,
yield of 15.3 mmol g(PET) " (for the transformation of PET to
H, and formate: theoretical maximum yield of H, is 15.6 mmol
g(PET)™') over Ru/La(OH);, corresponding to a production
rate of 294 mmol (H,) g(Ru)™' h™' (Fig. S22 and S$23).
This performance is over two-fold higher than that of unsup-
ported Ru nanoparticles (115 mmol(H,) g(Ru)™" h™"), clearly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrating the superior catalytic performance of the Ru/
La(OH); catalyst for complete dehydrogenation of PET.>*

3.3. Catalyst stability and recyclability

A mercury-poisoning test was performed to examine the hetero-
geneous nature of Ru/La(OH);. Upon addition of excess ele-
mental Hg, the reaction quenched significantly, consistent with
poisoning of surface Ru sites and hence supporting the hetero-
geneous nature of the Ru/La(OH); catalyst (Fig. S24). The
durability of Ru/La(OH); was further demonstrated by the
recovery and reuse of the catalyst over ten consecutive cycles
for EG dehydrogenation at 130 °C, with no significant loss of
activity (Fig. $25). The catalyst maintained excellent H, selec-
tivity, reaching a cumulative TON of 14 395 mol(H,) mol(Ru) *
(350 L(H,) g(Ru)™') with an average production rate of
7.6 L(H,) gRu)™" h™' and n(H,)n(EG) ~ 2.86 (Fig. 4a). This
performance exceeds that of previously reported necked Ru nano-
particle catalysts (~2.4 L(H,) g(Ru)”* h™"),% highlighting the ben-
eficial role of the La(OH); support under the optimized conditions.

The Ru/La(OH); catalyst also showed good scalability, pro-
ducing ~3.5 L of H, (14 300 mmol(H,) g(Ru)~ ") from 50 mmol
EG in 35 h at 130 °C, corresponding to an average rate of ~10
L(H,) g(Ru) " h™". Notably, ~2.3 L of H, (~66% of the total)
was generated within the first 4 h, giving a peak rate of ~58
L(H,) g(Ru)™* h™" (Fig. 4b). Under identical conditions, the
supported Ru/La(OH); catalyst delivered a substantially higher
hydrogen yield (n(H,)/n(EG) ~ 2.86 in 35 h) than unsupported
Ru (~2.5 L(H,) g(Ru) " h™"; n(H,)/n(EG) ~ 1.1 in 52 h).*® Post-
reaction XRD, TEM, and HAADF-STEM analyses, along with
elemental mapping of Ru/La(OH);, showed no obvious struc-
tural changes (Fig. S25). Previously reported catalysts for EG
dehydrogenation typically operate under relatively harsh con-
ditions (225-400 °C), often require longer reaction times and/or
elevated pressures, and can generate carbon-containing gas-
eous by-products such as CO, CO,, CHy, or light alkanes, which
lowers hydrogen selectivity (Fig. 4c). In contrast, Ru/La(OH);
delivers excellent performance at a much milder temperature of
130 °C, achieving complete EG conversion within 3 h with 94%

© 2026 The Author(s). Published by the Royal Society of Chemistry

formate yield and >99% H, selectivity, while producing no
detectable CO, CO,, or CH,.

Overall, these findings demonstrated that immobilizing Ru
nanoparticles on La(OH); markedly enhanced catalytic EG
dehydrogenation over Ru/La(OH); compared to unsupported
Ru nanoparticles.* The Ru/La(OH); catalyst exhibited a two-
fold increase in activity, achieving an initial TOF of 61 h™"
with 87% SF selectivity at 110 °C, compared to a TOF of 32 h™!
and 68% SF selectivity for unsupported Ru nanoparticles.
Even at 130 °C, the Ru/La(OH); catalyst maintained superior
activity of 147 h™', compared to 67 h™" for unsupported Ru
nanoparticles.”” A distinct advantage with the Ru/La(OH),
catalyst was observed during bulk scale EG dehydrogenation
(50 mmol), delivering an exceptional productivity of 10 L(H,)
g(Ru)"* h™" (TON of 14 300 mmol(H,) g(Ru) " with n(H,)/n(EG)
~ 2.86), surpassing the activity of unsupported Ru nano-
particles (2.4 L(H,) g(Ru)™" h™") by over four-fold.** These
findings demonstrate that the strategy of immobilizing Ru over
La(OH); goes beyond a modest improvement in catalytic activ-
ity, to achieve enhanced catalyst recyclability, high formate
selectivity and H, productivity, attributed to the cooperative
interplay between Ru sites and the basic La(OH); support.

4. Conclusion

In summary, a Ru/La(OH); catalyst was explored for low-
temperature, selective reforming of ethylene glycol (EG) to
CO,-free hydrogen and formate in aqueous alkaline media.
The catalyst enables complete EG conversion at 130 °C, deliver-
ing quantitative H, yield (2.94 mol H, per mol EG) together with
a high formate yield (94%). The catalyst remains active over ten
consecutive cycles and achieves a cumulative TON of
14395 mol(H,) mol(Ru) " (142.5 mol(H,) g(Ru) ). On the
bulk scale (50 mmol EG), ~3.5 L of H, was produced
(1250 L(H,) L(EG) ') at 130 °C. The same catalyst also enables
a one-pot PET waste depolymerization that generates a high
yield of purified hydrogen, alongside terephthalate and for-
mate. Control experiments and in situ FTIR measurements
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support a key role for the catalyst in promoting favorable
adsorption of EG and reactive intermediates involved in the
process of EG dehydrogenation. Overall, this work demon-
strates CO,-free H, production with the co-production of
high-value formate from EG-derived feedstocks.
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