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Solar Biomass Reforming and Hydrogen Production with
Earth-Abundant Si-Based Photocatalysts

Yuri Choi, Sungho Choi, Inhui Lee, Trang Vu Thien Nguyen, Sanghyun Bae,
Yong Hwan Kim, Jaegeon Ryu, Soojin Park,* and Jungki Ryu*

Efficient electrochemical hydrogen production and biomass refinery are
crucial for the decarbonization of various sectors. However, their
energy-intensive nature and low efficiency have hindered their practical
application. In this study, earth-abundant and non-toxic photocatalysts that
can produce hydrogen and reform biomass efficiently, utilizing unlimited solar
energy, are presented. The approach involves using low-bandgap Si flakes
(SiF) for efficient light-harvesting, followed by modification with
Ni-coordinated N-doped graphene quantum dots (Ni-NGQDs) to enable
efficient and stable light-driven biomass reforming and hydrogen production.
When using kraft lignin as a model biomass, SiF/Ni-NQGDs facilitate
record-high hydrogen productivity at 14.2 mmol gcat

−1 h−1 and vanillin yield of
147.1 mg glignin

−1 under simulated sunlight without any buffering agent and
sacrificial electron donors. SiF/Ni-NQGDs can be readily recycled without any
noticeable performance degradation owing to the prevention of deactivation
of Si via oxidation. This strategy provides valuable insights into the efficient
utilization of solar energy and practical applications of electro-synthesis and
biomass refinement.

1. Introduction

Green hydrogen production via water electrolysis and the ef-
fective utilization of renewable carbon via biomass reforming
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are crucial for sustainable chemical indus-
tries that rely heavily on fossil fuels.[1,2]

Currently, hydrogen and various platform
chemicals are produced from fossil fuels
with significant CO2 emissions, highlight-
ing the need for alternative production
technologies.[3] Consequently, there is
growing interest from academia, industry,
and governments in water electrolysis and
biomass refinery owing to their abun-
dant raw materials and carbon-neutral
life cycles. They have been extensively
investigated from the perspectives of
catalyst development,[4–6] process and re-
actor design,[7–10] and techno-economic
analysis.[11,12] However, their practical
implementation remains challenging
due to various technological and eco-
nomical hurdles. For instance, hydrogen
production through water electrolysis is
energy-intensive and reliant on expen-
sive and unsustainable elements (e.g.,
Pt and Ir),[4,13] primarily due to the slow

kinetics and high overpotential of water oxidation.[14] Meanwhile,
biomass refineries suffer from low energy efficiency, productiv-
ity, and selectivity, and require harsh processing conditions, par-
ticularly when using inhomogeneous and recalcitrant biomass
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Scheme 1. Schematic illustration of the synthesis and application of SiF/Ni-NGQDs for efficient biomass reforming and hydrogen production under
solar irradiation and mild conditions.

(e.g., lignin and lignocellulose) to avoid conflicts with the food
supply.[9,15,16]

Recent efforts have aimed to overcome these challenges
by combining biomass reforming and hydrogen production
with unlimited solar energy (i.e., biomass photo-reforming
and hydrogen production). In principle, various biomass can
be (photo)electrochemically depolymerized to produce valuable
chemicals while supplying electrons and protons as an efficient
alternative to water for hydrogen production.[17–22] For example,
conventional photocatalysts such as TiO2 and CdS have been
utilized for biomass photo-reforming and hydrogen production.
These photocatalysts can oxidize or degrade biomass-derived
chemicals such as glucose[23,24] and 5-(hydroxymethyl)furfural[25]

to produce value-added chemicals. While these studies relied
on edible or highly processed biomass-derived chemicals, Reis-
ner et al. recently reported the utilization of non-edible biomass
(e.g., cellulose and lignin) and visible-light-active CdS/CdOx
photocatalysts for hydrogen production under simulated so-
lar irradiation.[26] Despite promising results, these photocata-
lysts have critical limitations for practical applications, such as
limited utilization of sunlight due to a large bandgap (2.4 eV
for CdS and >3.2 eV for TiO2), toxicity and photocorrosion
(e.g., CdS),[27,28] and harsh conditions (e.g., 10.0 m NaOH).[26]

Moreover, many studies have focused mostly on efficient so-
lar hydrogen production and less on the selective production
of biomass-derived chemicals, especially when using lignin. Al-
though there was an interesting recent report about solar re-
forming of biomass under mild conditions (e.g., neutral pH)
using non-toxic carbon dot photocatalysts, the efficiency of so-
lar hydrogen production and biomass reforming is still un-
satisfactory (e.g., 8.4 μmol H2 for 24 h, which corresponds
to ≈160 μmol gcat

−1 h−1) for practical application.[29] In sum-
mary, there is still a lack of efficient, stable, and non-toxic
photocatalysts for biomass photo-reforming with simultaneous
production of hydrogen and valuable chemicals under mild
conditions.

Herein, we report the synthesis of earth-abundant silicon-
based photocatalysts (SiF/Ni-NGQD) for light-driven biomass
reforming and hydrogen production by modifying porous sil-
icon flake (SiF) with Ni-coordinated N-doped graphene quan-
tum dots (Ni-NGQDs) (Scheme 1). Porous SiF is utilized for
panchromatic visible light harvesting and photocatalytic hydro-
gen evolution reaction (HER), and subsequently modified with
Ni-NGQDs for oxidative biomass reforming. Our systematic
analyses indicate that Ni-NGQDs improve the efficiencies of the
charge separation/transfer and selective oxidative reforming of
biomass (e.g., lignin, cellulose, and hemicellulose) due to their
graphitic structure, abundant functional groups, and Ni-active
site. As a result, SiF/Ni-NGQD enables efficient photo-reforming
of biomass with concurrent hydrogen production. Using lignin
as an electron source, the SiF/Ni-NGQD produces hydrogen at
14.2 mmol gcat

−1 h−1 and vanillin at 147.1 mg glignin
−1 under sim-

ulated sunlight without any buffering agent and sacrificial elec-
tron donors. To the best of our knowledge, this is the first report
about simultaneous photocatalytic production of hydrogen and
selective value-added chemicals from lignin under mild condi-
tions at pH 7.0 without the use of strongly acidic or alkaline solu-
tions. Moreover, SiF/Ni-NGQD photocatalysts can be readily re-
cycled without noticeable performance degradation owing to the
protective role of Ni-NGQDs against the oxidation of SiF. This ap-
proach provides valuable insights into the design of hybrid pho-
tocatalysts for efficient hydrogen production and biomass photo-
reforming.

2. Results and Discussion

We chose SiF as a photocatalyst for solar biomass reforming
and hydrogen production. Although SiF has a narrow bandgap
(1.7 eV) for broad light harvesting, suitable conduction band edge
position for HER, and inherent HER activity without cocatalysts,
it has critical limitations for practical applications, such as easy
surface oxidation and low stability in aqueous solution, as well as
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Figure 1. Characterization of as-synthesized Ni-NGQDs and SiF/Ni-NGQDs. a) TEM image of Ni-NGQD1.4. The inset shows a high-resolution TEM
image of Ni-NGQD1.4. b) High-resolution C 1s, N 1s, and Ni 2p XPS spectra of NGQDs and Ni-NGQD1.4. c) TEM and d) elemental mapping images
of SiF/Ni-NGQD1.4. e) SEM image of SiF/Ni-NGQD1.4. The inset images in Figures (c) and (e) show the morphology of the pristine SiF.

low catalytic activity and selectivity for oxidative biomass reform-
ing. To address these issues, we modified SiF with Ni-NGQDs,
which are expected to serve multifunctional roles by preventing
surface oxidation, enhancing charge separation, and boosting cat-
alytic activity for oxidative biomass reforming. Among various
NGQDs with different metal ions, we selected Ni-NQGDs be-
cause Ni-based compounds are frequently utilized for catalytic
biomass reforming.[30] Ni-NGQDs were synthesized through a
hydrothermal reaction with tannic acid, ethylenediamine, and
varying amounts of NiCl2. It is noted that the suffix numbers
represent the relative amounts (wt.%) of NiCl2 for the synthe-
sis of Ni-NGQDs. Metal-free NGQDs were also prepared as a
control.[31]

As-synthesized NGQDs and Ni-NGQDs were characterized by
various methods. According to transmission electron microscopy
(TEM) and size distribution analysis, NGQDs and Ni-NGQDs
were ≈11 nm in diameter (Figure 1a; Figure S1, Supporting Infor-
mation). Metal-free NGQDs exhibited a strong absorption peak
at 260 nm due to sp2-hybridized carbon and a shoulder peak at
≈400 nm due to surface states (Figure S2, Supporting Informa-
tion). Compared to NGQDs, the Ni-NGQDs had an additional
peak at 273 nm and a weaker shoulder peak due to the forma-
tion of metal-to-ligand charge transfer complex and the passiva-
tion of surface states, respectively.[32] These can be beneficial for
the separation and transfer of photoexcited electrons and holes
for efficient photocatalysis.[33] Inductively coupled plasma opti-

cal emission spectroscopy (ICP-OES) showed that the Ni con-
tents in Ni-NGQDs were precisely controlled and proportional
to the Ni contents in the precursor solutions (Table S1, Support-
ing Information). The formation of N-doped graphitic carbon for
both NGQDs and Ni-NGQDs and atomic dispersion of Ni ions
in Ni-NQDs were confirmed by X-ray photoelectron spectroscopy
(XPS). The high-resolution C 1s and N 1s XPS spectra showed a
higher population of sp2 C, graphitic N, and pyrrolic N configu-
rations in the Ni-NGQDs than in the NGQDs (Figure 1b; Figure
S3, Supporting Information). According to the literature, the for-
mation of pyrrolic complexes is thermodynamically more favor-
able than pyridinic complexes for the synthesis of Ni-coordinated
carbon structure.[34] The Ni-NGQDs exhibited a Ni 2p3/2 peak
at 855.0 eV and no Ni0 peak at ≈853.2 eV (Figure S4, Support-
ing Information).[35] Satellite peaks of Ni 2p3/2 and Ni 2p1/2 were
clearly observed with the increase in the amounts of Ni in the
Ni-NGQDs (Figure 1b; Figure S4, Supporting Information). X-
ray diffraction (XRD) analysis showed no sign of crystalline Ni
(Figure S5, Supporting Information). It is noteworthy that there
was a red shift of the pyrrolic N peaks when Ni was coordinated
with NGQDs. All the results consistently suggest that in the Ni-
NGQDs, Ni𝛿+ ions (0< 𝛿 <2) rather than metallic Ni0 are atom-
ically dispersed and form metal-to-ligand charge transfer com-
plexes, beneficial for efficient photocatalysis.

Next, we prepared and characterized the SiF modified with Ni-
NGQDs (SiF/Ni-NGQD) (Figure S6, Supporting Information).
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Figure 2. Photocatalytic hydrogen production by SiF/Ni-NGQDs. a) Effect of the decoration of SiF with Ni-NQDs, the Ni contents in Ni-NGQDs, and the
use of methanol as a sacrificial electron donor on the photocatalytic hydrogen production. b) Photocatalytic hydrogen evolution using various biomasses,
such as glucose, xylose, cellulose, hemicellulose, and lignin. c) Light-driven hydrogen evolution profiles with SiF and SiF/Ni-NGQD1.4 photocatalysts
when using lignin. d) AQE of SiF and SiF/Ni-NGQD1.4 at 400, 500, and 600 nm. e) Comparison of the hydrogen production rate of our SiF/Ni-NGQD
and other notable photocatalysts for light-driven hydrogen production and biomass reforming. f) Recyclability test of the SiF and the SiF/Ni-NGQD1.4
photocatalysts with lignin oxidation. The graphs contained the error bars.

The SiF was synthesized through magnesiothermic reduction
and subsequent simple acid leaching process using natural talc
clay according to the literature[36] (see the experimental section
in detail) and coated with Ni-NGQDs via a simple mixing due
to abundant, adhesive phenolic groups.[31] TEM and elemental
mapping analyses of the SiF/Ni-NGQD showed that 2.3 nm of
a Ni-NGQD layer was uniformly coated on the surface of SiF
(Figure 1c,d). Before and after the modification, there was neg-
ligible change in porous structure of SiF, as shown in scan-
ning electron microscopy (SEM) and Brunauer–Emmett–Teller
(BET) analyses (Figure 1e; Figure S7, Supporting Information).
In addition, there was no difference between the intensity and
shape of high-resolution Si 2p XPS spectra of SiF and SiF/Ni-
GQD (Figure S8, Supporting Information). Photophysical prop-
erties of the SiF and the SiF/Ni-NGQDs were investigated us-
ing diffuse reflectance and ultraviolet photoelectron spectroscopy
(UPS). The SiF had a low bandgap of 1.71 eV with a conduction
band edge position of −1.11 V versus standard hydrogen elec-
trode (VSHE) suitable for HER. The SiF’s valence band edge posi-
tion of 0.60 VSHE was insufficient for oxygen evolution reactions
(OER) but sufficient enough for the oxidation of alcohols and var-
ious biomass (Figure S9, Supporting Information). Although the
NGQDs and the Ni-NGQDs themselves had a bandgap of ≈3.1 eV
with visible light activity, their contribution to solar light harvest-
ing was negligible due to their larger bandgap than SiF and low
loading (Figure S10 and S11, Supporting Information).

Based on these findings, we investigated photocatalytic activ-
ity of SiF/Ni-NGQDs with varying amounts of Ni-loading for hy-

drogen production under simulated sunlight illumination with
and without methanol as a sacrificial electron donor. Unbuffered
aqueous solutions were used throughout the photocatalytic ex-
periments. Of note, except for SiF, which showed a catalytic
activity of 1.1 mmol g−1 h−1, the NGQDs or the Ni-NGQDs
alone exhibited low photocatalytic activity even in the presence of
methanol (Figure S12, Supporting Information). No or negligible
activity was observed in the absence of methanol. The non-zero
activity of SiF, even without methanol, may be attributed to the
extraction of electrons via self-oxidation (i.e., self-destruction),
as reported previously.[36] The photocatalytic activity of SiF was
dramatically enhanced after the modification with Ni-NGQDs
(Figure 2a). In the presence of methanol, the photocatalytic ac-
tivity of SiF/Ni-NGQD was considerably increased from 1.1 to
12.9 mmol g−1 h−1—which is the highest activity by Si-based pho-
tocatalysts to date (Table S2, Supporting Information)—with the
increase of the Ni-loading from 0 to 2 wt.%. Further increasing
the Ni content led to an obvious activity decrease, which could
be attributed to the change of electronic structure such as the
increase of O content and decrease of pyrrolic N configuration.
These results demonstrate: i) the critical role of the Ni-doping
that can provide greater and proper binding sites of reactants for
oxidation and ii) a facile charge separation after the hybridization
of SiF and Ni-NGQDs (Figure S13, Supporting Information).

Moreover, we attempted to perform photocatalytic biomass re-
forming and hydrogen production using SiF/Ni-NGQD1.4 under
simulated sunlight irradiation. Instead of methanol, we tested
small and macromolecular biomasses such as glucose, xylose,
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Table 1. Comparison between the biomass photo-reforming.

No. Photocatalyst Electron
donor

Electrolyte H2
[μmol gcat

−1 h−1]
Time

[h]
Light source Reference

[0] SiF Cellulose Water
(pH 7.0)

178 6 Solar simulator
[100 mW cm−2,

1 sun]

This work

SiF/Ni-NGQD 5735

SiF Lignin 576

SiF/Ni-NGQD 14270

[1] CNx/NiP Cellulose KPi (pH 4.5) 1690 4 Solar simulator
[100 mW cm−2,

1 sun]

[37]

CNx/NiP Lignin KPi (pH 4.5) 40.8 4

CNx/Pt Cellulose KPi (pH 7.0) 4.1 24

CNx/Pt Cellulose 1 m KOH 20.7 24

CNx/Pt Cellulose 10 m KOH 44.6 24

CNx/Pt Lignin 10 m KOH 14.6 24

[2] Pt/CdS/SiC Cellulose 10 m NaOH 321.7 24 Xe lamp
[300 W]

[38]

Pt/CdS/SiC Lignin 10 m NaOH 11 24

[3] CdS/CdOx Cellulose 10 m KOH 4400 18 Solar simulator
[100 mW cm−2,

1 sun]

[26]

CdS/CdOx Lignin 10 m KOH 260 18

[4] Carbon dot/NiP Galactose Water
(pH 6.0)

159 24 Solar simulator
[100 mW cm−2,

1 sun]

[29]

cellulose, hemicellulose, and kraft lignin as electron sources
(Figure 2b). We found that the SiF/Ni-NGQD1.4 can efficiently
produce hydrogen, regardless of the type of the tested biomasses.
In particular, when using kraft lignin, SiF/Ni-NGQD1.4 exhib-
ited the highest efficiency of 14.2 mmol g−1 h−1, which was 25
times higher than that of the pristine SiF (Figure 2c). However,
the photocatalytic activity of SiF/NGQD without Ni was signif-
icantly reduced (Figure S14, Supporting Information) probably
due to a lower charge separation efficiency and fewer active sites
(vide supra). The apparent quantum efficiencies (AQE) of SiF/Ni-
NGQD1.4 at 400, 500, and 600 nm were 37%, 32%, and 26%,
respectively (Figure 2d). To the best of our knowledge, SiF/Ni-
NGQD exhibited the highest efficiency of solar hydrogen produc-
tion with simultaneous photo-reforming of cellulose and lignin
(Figure 2e and Table 1).[26,29,37,38] It is noteworthy that we achieved
the record-high efficiency using only earth-abundant and non-
toxic elements under mild conditions (pH 7.0), while most con-
ventional studies have been conducted using toxic CdS-based
photocatalysts in harsh alkaline solutions (e.g., 10.0 m NaOH).[26]

The hybrid photocatalyst SiF/Ni-NGQD1.4 maintained 98%
of its initial photocatalytic activity even after five cycles of the
photocatalytic test using lignin for 30 h, while the unmodified
SiF maintained only 21% due to surface oxidation deactivating
it (Figure 2f). Note that the oxidation of SiF led to the formation
of Si-OH, which not only reduces the number of active sites but
also acts as rapid recombination sites.[39] TEM and XPS analyses
showed that the ultrathin Ni-NGQD layer remained intact and
prevented the SiF oxidation after 30 h of photocatalysis (Figure
S15 and S16, Supporting Information). The protective role of Ni-
NGQD against SiF oxidation was further confirmed by hydrogen
evolution tests in 1.0 m KOH under dark conditions, where the
oxidation and autonomous etching lead to the production of hy-
drogen (Figure S17, Supporting Information).[40] These results
consistently suggest that the Ni-NGQD layers act as a robust pro-

tection layer against the oxidation of SiF, as well as a charge sep-
aration and catalytic layer. We subsequently analyzed the oxida-
tion byproducts of biomass upon photocatalytic hydrogen pro-
duction. Particularly, we focused on the byproducts of kraft lignin
because it is abundantly produced and can potentially be utilized
as a feedstock of aromatic chemicals.[41] Moreover, delignification
and effective utilization of lignin are considered the most signifi-
cant challenges for lignocellulosic biomass refinery.[42] Accord-
ing to gas chromatography–mass spectrometry (GC-MS), pho-
tocatalytic reactions of lignin with the SiF/Ni-NGQDs resulted
in the formation of lignin-derived phenolic compounds such as
guaiacol, vanillin, and acetovanillone (Figure 3a,b). Similar to
photocatalytic hydrogen production, the SiF/Ni-NGQD1.4 was
superior to the pristine SiF for the efficient and selective de-
polymerization of lignin, demonstrating the role of Ni as an
active site. The role of Ni-NGQD in oxidative biomass reforming
was also confirmed by cyclic voltammetry (Figure S18, Support-
ing Information). Notably, 150 mg of vanillin—which is one of
the most valuable byproducts from lignin—was produced from
1 g of lignin using SiF/Ni-NGQD1.4 (Figure 3b). The effective
formation of vanillin and other phenolic products resulted from
the improved specific cleavage of 𝛽-aryl ether linkages of lignin
by SiF/Ni-NGQD1.4, as demonstrated in 2D 13C–1H heteronu-
clear single-quantum correlation nuclear magnetic resonance
(Figure 3c). No 𝛽-aryl ether linkages remained in the residual
lignin when using SiF/Ni-NGQD1.4, whereas a significant por-
tion remained when using the pristine SiF (Table S3, Supporting
Information).

The selective photo-reforming of lignin by SiF/Ni-NGQDs
was further confirmed by photocatalytic reactions of phenolic 𝛽-
ether model dimer, guaiacylglycerol-𝛽-guaiacyl ether (Figure 4a).
During the photocatalytic conversion of the dimer under sim-
ulated solar irradiation, the cleavage of 𝛽-ether linkage was fa-
cilitated by SiF/Ni-NGQD1.4 (Figure 4b; Figure S19, Supporting

Adv. Mater. 2023, 35, 2301576 2301576 (5 of 9) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Photo-reforming of lignin depolymerization using SiF/Ni-NGQD photocatalysts. a) GC-MS spectra for the identification and quantification of
the lignin byproducts after the irradiation of the simulated sunlight for 6 h. b) Comparison of the vanillin yield under various conditions. c) 2D NMR
spectra of the residual lignin after the simulated solar irradiation for 6 h with and without photocatalysts.

Information). The SiF/Ni-NGQD1.4 was more efficient for the se-
lective cleavage of 𝛽-aryl ether bond as well as C𝛼-C𝛽 , allowing the
photo-reforming of lignin to guaiacol and vanillin (Figure 4a,c).

In this study, we have demonstrated that SiF/Ni-NGQDs can
enable efficient biomass reforming and hydrogen production
under simulated solar irradiation. Despite abundance and low
bandgap, Si-based photocatalysts have low stability and have been
limited to reductive half-reactions such as HER. We have over-
come such a big challenge by coating SiF with multifunctional
Ni-NGQDs and employing oxidative biomass reforming instead
of OER. The Ni-NGQDs not only facilitated the separation of pho-
togenerated charge carriers but also improved the catalytic ac-
tivity and stability of SiF for biomass photo-reforming. In prin-
ciple, one can further investigate the effect of the size of SiF
and Ni-NGQDs, and porosity of SiF on the photocatalytic perfor-
mance of SiF/Ni-NGQDs as their photophysical properties, such
as bandgap and band-edge positions, can be tailored according
to their size[43] and porosity.[44] Of note, it was difficult to con-
trol the size and porosity of SiF in this study due to the inher-
ent architecture of the SiF precursor, talc clay.[36,39] While many
conventional studies of biomass photo-reforming focused more
on efficient hydrogen production and less on selective biomass
photo-reforming, we achieved both efficient hydrogen produc-
tion and selective biomass reforming. Furthermore, we utilized
only earth-abundant and non-toxic elements, such as Si, Ni, C,

and N. However, it is noteworthy that the use of a dilute yet toxic
HF solution is unavoidable in this study to remove native oxide
layers to synthesize SiF. It is noteworthy that highly recalcitrant
lignin was efficiently and selectively depolymerized into value-
added chemicals under mild conditions without any strong acids
and bases. However, further studies are required for practical ap-
plication of SiF/Ni-NGQDs, such as more in-depth mechanism
analysis, reactor designs, and separation of products.

3. Conclusion

We report light-driven biomass reforming and hydrogen produc-
tion using Si-based hybrid photocatalysts under mild conditions.
Low-bandgap SiF was modified with ultrathin layers of multi-
functional Ni-NGQDs. The SiF/Ni-NGQDs not only exhibited the
record-high photocatalytic activity for hydrogen production but
also allowed the selective photo-reforming of lignin into value-
added aromatic compounds, such as vanillin, under mild condi-
tions. Moreover, SiF/Ni-NGQD photocatalysts can readily be recy-
cled with a negligible performance degradation due to their het-
erogeneous nature and prevention of oxidation of Si by the Ni-
NGQD layers. Our approaches can be applied in various energy
conversion applications in coupling with biomass degradation.

Adv. Mater. 2023, 35, 2301576 2301576 (6 of 9) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Selective cleavage of a lignin model compound using SiF-based photocatalysts. a) Schematic illustration of degradation of lignin model
compound. b) Products after degradation of lignin model compound with SiF and SiF/Ni-NGQD1.4. c) Schematic illustration of solar biomass reforming
with SiF and SiF/Ni-NGQD.

4. Experimental Section
Synthesis of Ni-Coordinated Nitrogen-Doped Graphene Quantum Dots

(Ni-NGQDs): To prepare Ni-NGQDs, 5 mg of tannic acid, 20 μL of 2.0
m NaOH, and 20 μL of ethylenediamine (0.03 mmol) were dissolved in
10 mL of deionized water under vigorous stirring. Then, different volumes
(50, 100, 200, and 300 μL) of 20 mm NiCl2 were added to the solution, fol-
lowed by a hydrothermal reaction at 190 °C for 6 h in a sealed Teflon-lined
autoclave. After cooling to room temperature, the brown suspension was
dialyzed (SpectraPore MWCO 1000) for 2 days to remove the salts and un-
reacted chemicals. In addition, NGQDs were synthesized in the absence
of NiCl2.

Preparation of Silicon Flake (SiF) and SiF/Ni-NGQD: SiF was prepared
as in a previous report.[36] In brief, SiF was prepared by magnesiothermic
reduction of natural talc clay and a subsequent simple acid leaching pro-
cess. First, commercially available natural talc clay was uniformly mixed
with magnesium powder in a weight ratio of 1:0.8. The mixture was di-
rectly placed in a tube furnace and heated to 700 °C for 3 h in an argon at-
mosphere. After the reaction, the resulting powder was post treated in 1.0
m HCl and 0.5 wt.% HF solution respectively, to eliminate by-products in-
cluding MgO and native oxide layers. For the preparation of SiF/Ni-NGQD,
20 μL of 2 mg mL−1 of Ni-NGQDs or NGQDs was added in 10 mL of wa-
ter, and then 50 mg of SiF was added. After vigorous stirring for 30 min,
the powder was collected, and dried under vacuum overnight.

Characterizations: The structure of NGQDs and Ni-NGQDs was char-
acterized using XPS (K-alpha, Thermo Fisher) spectroscopy. The amounts

of Ni in Ni-NGQDs were determined using ICP-OES (700-ES, Varian).
The morphology of Ni-NGQDs was examined using high-resolution TEM
(JEOL, JEM-2100F, accelerating voltage of 200 kV). XRD analysis was used
to check the formation of Ni nanoparticles (D/MAX2500V/PC, Rigaku).
The absorption spectra of NGQDs and Ni-NGQDs were recorded us-
ing a UV–vis spectrophotometer (UV-2550, Shimadzu). The HOMO level
of NGQDs, Ni-NGQDs, and SiF was evaluated using UPS (ESCALAB
250XI, Thermo Fisher). The morphology of SiF and SiF/Ni-NGQDs was ex-
amined using SEM (S-4800, Hitachi High-Technologies), high-resolution
TEM, high-angle annular dark-field scanning TEM, and energy-dispersive
X-ray spectroscopy (JEOL, JEM-2100F, accelerating voltage of 200 kV). The
porous structure of SiF and SiF/Ni-NGQD was characterized by BET anal-
ysis (ASAP2420, Micromeritics Instruments). Finally, spectroscopic analy-
ses of lignin before and after photocatalytic reaction were carried out with
a VNMRS 600 nuclear magnetic resonance spectrometer (Agilent, USA).
The size of NGQDs and Ni-NGQDs was determined using a zeta sizer
(Nano ZS, Malvern).

Photocatalytic Hydrogen Evolution: The photocatalytic H2 evolution
tests were carried out with a 20 mL sealed vial. In brief, 5 mg of photo-
catalysts was added in 10 mL of deionized water containing the hole scav-
enger such as 10 wt% methanol, 10 mM glucose, 10 mm xylose, 10 mg of
kraft lignin, 10 mg of cellulose, and 10 mg of hemicellulose. After purging
with N2 to remove O2, the above reaction vessel was illuminated using a
class AAA solar simulator (94023A, Newport) equipped with a 450 W Xe
lamp and AM 1.5 G filter. Samples for GC analysis were collected from
the headspace of a sealed vial using a gas-tight syringe and were analyzed

Adv. Mater. 2023, 35, 2301576 2301576 (7 of 9) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202301576 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [20/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

with a GC-2010 Plus gas chromatograph (Shimadzu Co., Japan). All pho-
tocatalytic tests were performed at least in triplicate for statistical analy-
sis. The apparent quantum efficiency was evaluated using 300 W Xe lamp
equipped with a CD130 monochromator (Newport Corporation, CA, USA)
at 400, 450, 500, and 550 nm, respectively.

Extraction and Quantification of Byproducts after Lignin Photo-Reforming:
A solution after lignin photo-reforming with Ni-NGQDs was filtered to re-
move insoluble aggregates and mixed with chloroform at a 1:1 volume ra-
tio to extract aromatic compounds. Once phase separation occurred, 1 μL
of n-decane was added to 2 mL of the chloroform solution as an internal
standard for GC-MS to identify and quantify aromatic compounds, such
as vanillin and acetovanillone. GC-MS spectra were measured with a 450-
GC gas chromatograph and a 320-MS mass spectrometer (Bruker, USA)
equipped with an Rtx-5MS capillary column (30 m × 0.25 mm × 0.25 mm;
Restek). Split injections (1 μL) were performed with a GC Pal autosam-
pler (CTC Analytics AG, Switzerland) at a split ratio of 25:1, using He as a
carrier gas.
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