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ABSTRACT: Catalytic hydrogen generation from non-food-
feed biomass is pivotal for carbon-neutral economy, which is
limited by low hydrogen productivity, high CO concentration,
and excessive fossil energy consumption. Herein, we
demonstrate a synergistic effect between Ni** single atoms
and metallic Ni nanoparticles supported on La,0,CO,
(Niganpe/L2,0,C0O;), which attains a fermentation broth
reforming with a stable hydrogen production rate of
2373 mmol-g"-h™ and ~ 99.6% hydrogen purity at 550 °C,
notably higher than the counterparts. Theoretical calculations
reveal that the multiscale effect of Ni** single atoms and
metallic Ni nanoparticles can promote the dissociation of
C-C/C-H bonds to enhance the organics decomposition and
strengthen the CO adsorption as well as water gas shift
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reaction to reduce the CO concentration in hydrogen gas. Combined with photothermal reactor, the natural sunlight driven
photothermal fermentation broth reforming over Niga./La,0,CO; achieves 1129 mmol-g™"-h™ of hydrogen evolution rate, >
99.6% hydrogen purity and an enthalpy change solar-to-hydrogen efficiency of 16.6%, that outperforms the 10%
commercial utilization target set by the US Department of Energy. This work offers a novel perspective for the development
of sunlight driven fermentation broth reforming through the ingenious design of synergistic catalytic sites.

KEYWORDS: photothermal catalysis, hydrogen, fermentation broth, synergistic effect, nickel

1 Introduction

Catalytic hydrogen (H,) generation from biomass has emerged as a
clean energy carrier to drive a carbon-neutral economy in the post-
fossil era [1, 2]. Compared to food-feed biomass, such as corn, the
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fermentation broth obtained from lignocellulose is one of the most
promising candidates for hydrogen production [3, 4]. Given that
the water content of lignocellulose derived fermentation broth
exceeds 92%, reforming process can effectively convert the ethanol
and other hydrocarbon substances in fermentation broth into H,
[3-6]. However, due to the high moisture content, the energy
consumption for producing 1 ton of H, from lignocellulose derived
fermentation broth is as high as 35 GJ, equivalent to the
combustion of 1.5 tons of coal [3]. Therefore, it is imperative to
reduce the fossil energy consumption of H, produced from
lignocellulose derived fermentation broth. To overcome this

Nano Research, 2026, 19, 94908665


https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://doi.org/10.26599/NR.2026.94908665
mailto:jdydch@hebau.edu.cn
mailto:liyaguang@hbu.edu.cn
mailto:Jinhua.ye@hbu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665
https://www.sciopen.com/article/10.26599/NR.2026.94908665

Pang et al.

Nano Research | Vol. 19, No. 7

challenge, photothermal catalysis can be employed [7-10], which
has the potential to drive H, production from fermentation broth
with zero secondary energy input.

Catalysts are the key factor affecting H, production and in view
of the main hydrocarbon component in fermentation broth is
ethanol, we need to draw on the catalysts for ethanol reforming,
Considering the economic feasibility, Ni-based catalysts are the
most widely used non-noble catalysts for ethanol steam reforming.
To further increase the hydrogen production activity, scientists
mainly use alloying strategy to adjust the dissociated ability for the
C-C bonds and C-H bonds in ethanol. For example, Yu et al
synthesized Cu,Ni, nanoalloy to showcase a H, production rate of
1785 mmol-g™*h™ at 550 °C [11], created the highest activity of Ni
based catalysts. However, the addition of heterogeneous metals will
reduce the CO adsorption and activation ability of Ni, resulting in
~ 4% content of CO in the H,, reducing the applicability [3, 12, 13].

Herein, we constructed lanthanum oxycarbonate species
(La,0,CO;) supported Ni** single atoms and metallic Ni nano-
particles (Nis, p/La,0,CO;). For the reforming of lignocellulose
derived fermentation broth, the Nig,,/La,0,CO; attains a
thermocatalytic hydrogen production rate of 2373 mmol-g*h™ at
550 °C with 72 h stability, which is not only notably higher than
those of Ni single atoms and Ni nanoparticles but also superior to
the record value for H, production through pure bioethanol
reforming (~ 1800 mmol-g*h™ at 550 °C) [14]. Moreover, the CO
content of H, produced over Nig,,\/La,0,CO; is as low as ~ 0.4%,
significantly lower than the ~ 4% content achieved from other
catalysts. Theoretical calculations show that the multiscale effect
between Ni** single atoms and metallic Ni nanoparticles not only
activates C-H and C-C bonds, but also enhances CO adsorption,
leading to a coupling of enhanced H, production and reduced CO
content. After coupling of a self-developed photothermal reactor,
the Nig,,p/La,0,CO; can achieve a H, yield of 1129 mmol-g"h™
and an enthalpy change solar-to-hydrogen (STH) conversion
efficiency of 16.6%, under 1.3 kW-m™ of sunlight irradiation. This
work reveals that the synergistic of Ni single atoms and Ni
nanoparticles paves a novel pathway for producing high quality
hydrogen directly from fermentation broth, which is an innovative
solution for the practical application of sunlight-driven biological
hydrogen production technology.

2 Results and discussion

2.1 Nisingle-atoms/nanoparticles synergistic catalyst

The synergistic Ni single atoms and nanoparticles co-existed
catalyst (Nigy,np/L2,0,CO;) was synthesized by using the joint of
sol-gel and precipitation method. Firstly, nickel salt and lanthanum
salt were mixed with an explosive (ammonium nitrate) to form a
homogeneous gel. Upon annealing, high temperatures were
generated to obtain Ni single atoms loaded on La,0,CO;,
(Nigy/La,0,CO;). The inductively coupled plasma-optical emission
spectroscopy (ICP-OES) tested Ni/La ratio of Nig,/La,0,CO, is
2.8/97.2 (Table S1 in the ESM). X-ray diffraction (XRD) pattern of
Ni;,/La,0,CO; was similar to the characteristic diffraction peaks of
pure La,0,CO; (Fig. S1 in the ESM) [15, 16], and the transmission
electron microscopy (TEM) image of Nis,/La,0,CO; presents a
nanosheet morphology (Fig. 1(a)). The elemental mapping images
demonstrate that Ni, La, O, and C exhibit homogeneous
distribution on the surface of Ni;,/La,0,CO; (Fig. 1(b)). High-angle
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annular dark-field scanning transmission electron microscopy
(HAADF-STEM) measurement was used to characterize the Ni
species in Ni;,/La,0,CO; and the atomic level isolated bright dots
(orange circle highlighted) are observed in Fig. 1(c), indicating high
dispersion of Ni species. X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine-structure (EXAFS)
spectroscopy were performed to reveal the coordination
environment of Ni in Ni/La,0,CO,. The Ni K-edge XANES
spectrum of Nig,/La,0,CO; with a higher energy value than that of
Ni foil and similar to NiO confirms the oxidation state of Ni species
[17], corresponding to the X-ray photoelectron spectroscopy (XPS)
result (Fig. S2 in the ESM). It indicates that the Ni species in
Ni;,/La,0,CO; maintain +2 valence state, even after hydrogen
reduction. Fourier transformed (FT) EXAFS spectrum of
Ni,,/La,0,CO; shows a single Ni-O scattering peak at 1.0-2.0 A
(Fig. 1(e)), which confirms the single-atom state of Ni species in
Niy/La,0,CO; [18, 19]. The quantitative EXAFS fitting was
performed to extract the structural parameters (Fig. S3 in the ESM).
The fitted results reveal that the coordination number for
Nig,/La,0,CO, is 5.16, with a Ni-O bond distance of 1.87 A (Table
S2 in the ESM). Then, the Nig,/La,0,CO, was immersed in a nickel
nitrate solution, and NiO nanoparticles were precipitatied on the
surface of Nig,/La,0,CO, by titrating ammonia. Finally, the sample
was reduced by hydrogen to form Nig,,\/La,0,CO;. The Ni/La
ratio of Nig,,»/La,0,CO, is 5.9/94.1 (Table S1 in the ESM). TEM
image shows that the nanoparticles (circled in yellow color) with ca.
~ 8 nm are dispersed on Nig,,\/La,0,CO, (Fig. 1(f)). After
hydrogen reduction, the measured lattice stripe is 0.201 nm,
corresponding to the lattice spacing of Ni(111) crystal plane,
accompanied by the atomic level bright spots (Fig. 1(g)). XRD
cannot detect the crystal structure of Ni species in Nis, ,p/La,0,CO;
(Fig. $4 in the ESM) [15, 16], while the Raman spectroscopy (Fig.
S5 in the ESM) confirms the existence of Ni-O bond and CO; [20].
Moreover, XPS verifies the coexistence of Ni* and Ni’ in
Nigy p/La,0,CO; (Fig. S6 in the ESM) [21, 22]. We further used X-
ray absorption structure to analyze the fine structure of Ni in
Nigy.p/La,0,CO; (Fig. S7(a) in the ESM). The FTEXAFS spectrum
of Nig,p/L2,0,CO; shows the Ni-O bond at 1.0-2.0 A and
metallic Ni-Ni bond at 2.0-2.5 A (Fig. S7(b) in the ESM),
accompanied by the lacking of Ni-O-Ni bond at 2.5-3.0 A (Fig.
S7(b) in the ESM). Therefore, we have clearly prepared
Nigynp/L2,0,CO; containing Ni** single atoms and metallic Ni
nanoparticles supported on La,0,CO; nanosheets as shown in
Fig. 1(h). The specific surface area of Nis,,\»/La,0,CO; was
calculated to be 46.1 m*g™ (Fig. S8 in the ESM), slightly lower than
that of Nig,/La,0,CO, and Niy,/La,0,CO, with same Ni content.

2.2 The fermentation broth reforming of Nig,.n/La,0,CO;

We used wheat straw to make the fermentation broth, which
contains ~ 93% H,O, ~ 6.8% ethanol, ~ 0.6% acetic acid, trace
amount of propanol, 2-methy-1-propanol, 3-methy-1-butanol,
ethyl acetate, etc. [3, 5, 6], as shown in Table S3 in the ESM. The
Nigynp/L2,0,CO;, Nig,y/La,0,CO;, Niyp/La,0,CO; (Fig. S9 in the
ESM), and La,0,CO; nanosheets (Fig. S10 in the ESM) were used
to verify the role of the Ni single atoms and Ni nanoparticles in the
hydrogen production from fermentation broth. Figure 2(a) shows
the hydrogen production rates of these four catalysts depend
on the temperature range of 200 to 700 °C. Nig,xp/La,0,CO,
exhibits the highest activity with a hydrogen production rate of
2373 mmol-g™h™ at 550 °C (Fig. 2(a)). This rate is approximately
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Figure1 The structure of Nig,,\/La,0,CO;. (a) TEM image, (b) EDS mapping, (c) aberration corrected STEM image of Ni;,/La,0,CO;. (d) XANES spectra at the Ni K-
edge for Nis,/La,0,CO;, Ni foil, and NiO. (e) EXAFS curves of Ni,/La,0,CO;, Ni foil, and NiO. (f) TEM image, (g HRTEM image, (h) schematic diagram of
Nigy p/L2,0,CO;. The yellow sheet represents La,0,CO,, the purple spheres denote Ni single atoms, and the green clusters stand for Ni NPs.

4.3 times higher than that of Nis,/La,0,CO; (539 mmol-g™*h™) and
10.4 times higher than that of Niy/La,0,CO; (221 mmol-g™h™).
Bare La,0,CO, nanosheets exhibit weak activity and it reveals that
the hydrogen produced activity is originated from the nickel
species. When the temperature exceeds 550 °C, the hydrogen
production performance decreases because the water gas shift
reaction is inhibited at high temperatures. Since thermocatalytic real
fermentation broth reforming is rarely investigated and the main
hydrocarbon substance in fermentation broth is ethanol,
Fig. 2(b) presents the comparison of hydrogen production
performance of Nig,/La,0,CO; with the advanced catalysts for
pure bioethanol steam reforming at 550 °C. It is verified that the
hydrogen production rate of Nig, \p/La,0,CO; is nearly 1.3 times
higher than that of the reported best catalysts, such as La-950
(1824 mmol-g*h™) [14], CuNiy/YSZ (1785 mmol-g™h™) [11], Cu-
Ni/SiO, (617.4 mmol-g*h™) [23], and others. Based on the ICP-
OES result (Table S1 in the ESM) and assuming all Ni atoms
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participated in H, generation, the H, generation turnover frequency
(TOF) of Nigy,p/La,0,CO;, Nig,/La,0,CO;, and Niy,/La,0,CO,; is
1.71, 347, 0.54 S at 550 °C, respectively (Fig. S11 in the ESM).
Evidently, it is shown that the synergistic of single atoms and
nanoparticles can effectively improve the hydrogen production
performance of nickel-based materials from lignocellulose derived
fermentation broth. We also tested the hydrogen production
performance of typical organics in fermentation broth (ethanol,
acetic acid, propanol, 3-methy-1-butanol, 2-methy-1-propanol, and
ethyl acetate) and Fig. S12 in the ESM showed that
Nigy..np/L2,0,CO; exhibits the highest activity for all components. In
addition to the high activity, the hydrogen generation rate of
Nigy.np/L2,0,CO,; fluctuated from 2132 to 2466 mmol-g™h™ during
a 72-hour successive test at 550 °C (Fig. 2(c)). No significant shifts
in the binding energies of Ni 2p, La 3d, C 1s, and O 1s were
observed in the XPS spectra of Nis,,»/La,0,CO; after stability test
(Fig. S13 in the ESM). Furthermore, post-reaction XRD pattern and
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Figure2 The performance of catalysts for fermentation broth reforming to H,. (a) The H, generation rate of thermocatalytic fermentation broth reforming over different
catalysts. (b) The H, generation performance comparison between Nig,,\/La,0,CO; and reported advanced non-noble, noble metal catalysts from ethanol steam
reforming. (c) The stability test of Nig,,\»/La,0,CO, for fermentation broth reforming at 550 °C for 72 h. (d) The CO/H, ratio of the gas produced from fermentation

broth reforming over different catalysts.

TEM characterization of Nig,,»/La,0,CO; confirmed that the
catalyst’s phase composition and morphological structure remained
unaltered after stability test, which further verifies the excellent
chemical and structural stability of the Nig,,\/La,0,CO; catalyst
(Fig. S14 in the ESM). Another striking achievement lies in CO
mitigation (Fig. 2(d)). The CO/H, ratio of produced hydrogen over
Nigynp/La,0,CO; is only 0.4%, which is orders of magnitude lower
than Nig,/La,0,CO; (9.5%), Niy/La,0,CO; (4.3%), and even lower
than pure La,0,CO; (2.1%) shown in Fig. S15 in the ESM. To the
best of our knowledge, this is the lowest CO content ever reported
for the hydrogen produced from fermentation broth, significantly
reducing the need for additional CO purification steps. Therefore,
the Nig, p/L2,0,CO; combines high H, productivity, long-term
stability, and unprecedentedly low CO emissions, addressing a core
bottleneck in fermentation broth-to-hydrogen conversion.

2.3 The synergistic mechanism of Ni single atoms and
nanoparticles

To investigate the performance of Ni-based catalysts supported on
La,0,CO; for the hydrogen production from fermentation broth, a
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combination of in-situ characterization and theoretical calculations
was employed. Figure 3(a) presents the in-situ diffuse reflectance
infrared Fourier transform spectra (DRIFTS) of the
Nigyp/L2,0,CO;  during  fermentation  broth-to-hydrogen
conversion, recorded across temperatures from 25 to 400 °C. At
room temperature (25 °C), the peak at 2977 cm™ assigned to the
C-H stretching in ethanol [24], indicating the adsorption of ethanol
on catalysts. The peak at 1758 cm™ corresponds to C=O in
acetaldehyde (CH,CHO) and it indicates that ethanol is
decomposed via acetaldehyde route [25]. The CO,-related peaks
(2310 and 2362 cm™) strengthen along with the increase of
temperature [24]. The rising of temperature leads to an increase in
CO, content associated with hydrogen production from the
fermentation broth, resulting in an enhancement of the adsorption
peaks. In the DRIFTS of Niy/La,0,CO; and Nis,/La,0,CO;, the
adsorption peak of CO at 2162 cm™ is particularly prominent (Fig.
S16 in the ESM), while the chemisorbed CO signal is almost
disappeared in the DRIFTS over Nig,,»/La,0,CO; (Fig. 3(a)). To
further verify this phenomenon, we conducted CO temperature-
programmed desorption (CO-TPD) experiments. Figure 3(b)

(B 7% 2 | Sci@pen
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Figure3 Reaction mechanism of ethanol steam reforming and water gas shift reaction. (a) In-situ DRIFTS obtained for Nig,,\/La,0,CO; under fermentation broth
reforming condition. (b) CO TPD curves over different catalysts. (c) Potential energy diagram of ethanol decomposition over different catalysts, including ZPE correction
energy, X* denotes the adsorbed substance. (d) Potential energy diagram of reaction for CO and H,O over different catalysts, including ZPE correction energy, X* denotes

the adsorbed substance.

depicts CO-TPD profiles of three catalysts and the CO desorption
peak temperatures over Nig,\/La,0,CO;  Nig/La,0,CO;,
Ni;,/La,0,CO; are 368, 336 °C, and no distinct desorption signal,
respectively. Therefore, the Nig,,\p/La,0,CO; has the highest CO
adsorption energy among the three catalysts and the weak CO
adsorption peak in DRIFTS over Nig,p/La,0,CO; should be
caused by the particularly low CO content in the atmosphere.

Since the main hydrocarbon substance in fermentation broth is
ethanol and ethanol contains the typical robust C-C, C-H bonds,
Fig. 3(c) displays the reaction energy profiles of ethanol steam
reforming over the three catalysts (Fig. S17 in the ESM). The
reaction coordinate starts with ethanol, which was firstly
dehydrogenated as CH,CHO. Subsequent step involves C-C bond
cleavage to form CH, and CHO intermediates, which is the rate
determining step for Nig,,»/La,0,CO; (0.88 eV) and the
Niy,/La,0,CO; (1.48 eV). The Bader charge of Ni single atoms on
La,0,CO, is +1.31 |e| and it indicates that Ni single atoms can form
strong electrostatic adsorption with oxygen ion in CH,CHO (Fig.
S18 in the ESM). While the Bader charge of Ni in Ni nanoparticle is
+0.12 |e|. It suggests that Ni in Ni nanoparticle is electron rich and
can interact well with the CH, in CH,CHO (Fig. S19 in the ESM).
Therefore, the coupling of Ni single atoms and Ni nanoparticles can
strongly adsorb CHO and CH, of CH,CHO, respectively,
promoting the dissociation of C-C bond. For Ni,/La,0,CO;, the
CH, decomposed as CH, is the rate determining step (1.09 eV) and
it reveals that Ni single toms are not active for C-H cleavage.
Therefore, Nigy,\p/La,0,CO, exhibits the lowest overall energy
barriers (0.88 eV for TS3), in comparison with Nig,/La,0,CO, and
Niyp/La,0,CO;. It reveals that the dual-site catalyst enhances the
ability to activate ethanol decomposition.

The water gas shift (WGS) reaction (CO + H,O > CO, + H,) is
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critical for upgrading H, yield, and its energy profile (Fig. 3(d))
reveals key differences between catalysts. The adsorption energy of
CO on Nig,,\p/L2,0,CO;, Niyy/La,0,CO;, Nig,/La,0,CO; is 2.23,
2.1, 1.03 eV, respectively, corresponding to the CO TPD
results (Fig. 3(b)). The atomic structures reveal that the Ni single
atoms and Ni nanoparticles adsorb oxygen and carbon separately
from CO (Fig. S19 in the ESM), thereby enhancing the adsorption
capacity of CO. Further, the rate determining step’s energy barrier
for Nigy,p/La,0,CO;, Niy/La,0,CO;, Nig,/La,0,CO, is 0.61, 0.65,
0.71 eV, respectively. Therefore, we infer that Nig,,\y/La,0,CO, has
both strong CO adsorption ability and superior WGS activity,
which promotes the WGS reaction of CO and leads to low CO
concentration in hydrogen gas.

24 The photothermal fermentation broth reforming over
Nigne/La,0,CO,

Photothermal technology exploits photon-phonon interactions to
transfer energy, demonstrating significant potential in hydrogen
generation [26, 27]. Based on the outstanding thermocatalytic
performance of the Nig,,\/La,0,CO;, the catalyst was further
employed for photothermal fermentation broth-to-hydrogen
conversion (Fig. S20 in the ESM). Based on the photothermal
catalytic system, Fig. 4(a) outlines our designed system to convert
agricultural and forestry waste as hydrogen without secondary
energy. Firstly, the wheat straw—a representative lignocellulosic
biomass rich in cellulose and hemicellulose—is fed into a
fermentation tank, where yeast mediates the breakdown of complex
carbohydrates into a mixed fermentation broth, containing water,
ethanol and trace amount of acetic acid, 1-propanol, etc.
Subsequently, the fermentation broth is introduced into a
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Figure4 The photothermal fermentation broth reforming. (a) The sketch map of secondary energy free system to convert agricultural and forestry waste as hydrogen.
(b) The temperatures and photothermal fermentation broth reforming performance of Nig, /La,0,CO, under various sunlight irradiation. (c) The corresponding CO
generation rate and H,/(H,+CO) ratio over Nig, »/La,0,CO; under various sunlight irradiations. (d) The scalable photothermal fermentation broth reforming

performance with STH over Nig, ,p/La,0,CO, under various sunlight irradiations.

Nigy1p/La,0,CO,; assisted photothermal catalytic reactor, in which
the organic components in the broth undergo catalytic conversion
to produce H,, and it requires the photothermal catalytic system to
be able to operate under weak sunlight irradiation. Figure 4(b)
quantifies the system’s photothermal heating capability under weak
sunlight irradiation (0-1.3 kW-m™). As light intensity increases, the
reactor temperature rises monotonically: from ~ 250 °C at
0.4 kW-m™ of sunlight irradiation to over 450 °C at 1.3 kW-m™
(1.3 suns) of sunlight irradiation. This steep elevation confirms
efficient conversion of light energy to thermal energy, which
supplies the activation energy required for catalytic reactions in the
broth. The photothermal fermentation broth reforming over
Nigy p/La,0,CO; shows a H, generation rate of 209 mmol-g™-h™
under 1 sun irradiation (Fig. 4(a)). Further, the H, production rate
sharply increases to 1129 mmol-g™h™ under 1.3 suns irradiation,
which is nearly 1.1 times higher than that of the reported best
catalysts in > 3 suns driven ethanol steam reforming, such as SA Fe-
CeO,/Ti (984 mmol-g™-h™) [9], Ni SA/CeO, (519 mmol-g™h™) [8],
0.04Ni/Cu (176.6 mmol-g-h™") [28], PAPSA-CdS (35.1 mmol-g™"h™)
[29], Aw/TiO, (5.6 mmol-gh™) [30], and others as listed in Table
S$4 in the ESM. Obviously, it is demonstrated that the synergistic of
Nigyap/La,0,CO; and photothermal device is the most active
system in sunlight driven hydrogen production from fermentation
broth to date. Figure 4(c) shows the byproduct CO in H, is
increased with promoting the light intensity and highest generation
rate is ~ 4 mmolg"h™. The H,/(CO+H,) ratio of produced
hydrogen over Nig,,/La,0,CO; is totally higher than 99.6%,
ensuring the high purity of hydrogen gas. Since the
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Nig p/La,0,CO; can be scalably produced (Fig. S21 in the ESM),
40 g of Nig,p/L2,0,CO; is applied for the laboratory scalable
photothermal fermentation broth reforming. As the sunlight
density increases to 1 sun, Nig,,/La,0,CO; achieves 2.35 L:h™
hydrogen production rate (Fig. 4(d)). With the light intensity
increased to 1.3 suns, the H, yield can reach to 11.83 Lh™
(Fig. 4(d)). Therefore, the combine of Nig,/L2,0,CO; and
photothermal device presents an efficient approach for sunlight
driven bio-hydrogen production. According to the experimental
data, Fig. 4(d) shows that the enthalpy change STH conversion
efficiency of this demonstration reaches 16.6% under 1.3 suns
illumination (details shown in Experimental section in the ESM),
that outperforms the 10% commercial utilization target set by the
US Department of Energy [31-33].

3 Conclusions

In this work, we fabricated a synergistic catalyst (Nig,,xp/La,0,CO3)
with Ni single atoms and nanoparticles supported on La,0,CO;,
which realizes a remarkable hydrogen production activity from
fermentation broth. Thermal catalysis experiments verified that the
Nigyp/La,0,CO;  catalyst manifested an outstandingly high
hydrogen production rate of 2373 mmol-g™-h™ at 550 °C with 0.4%
CO content, which is much higher than that of Nig/La,0,CO,
(539 mmolg*h?, 9.5% CO content) and Niy/La,0,CO,
(221 mmol-g™h™, 43% CO content). Theoretical calculations
indicate that the coupling of Ni single atoms and Ni nanoparticles
can reduce the C-C bond and C-H bond cleavage energy barriers
form 148 and 1.09 to 0.88 and 0.65 eV, respectively, thus
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promoting the dissociation of ethanol and strengthen the CO
adsorption to reduce the CO concentration in hydrogen gas. As a
result, the Nigy,/La,0,CO; combined with the self-made
photothermal reactor shows the 1129 mmol-g™-h™ of H, production
rate, 0.4% CO content and 16.6% STH efficiency under 1.3 suns
irradiation, superior to current reports. This work provides a
promising strategy for the efficient and low-energy decomposition
of fermentation broth to produce high quality H, using natural
sunlight, laying one of the foundations for future hydrogen energy
systems.

Electronic Supplementary Material: Supplementary material
(experimental details and supplementary figures and tables) is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908665.
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