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The development of a strategy for the resource utilisation of converter slag (CS) in the photocatalysis of
biomass for high-value chemical production is essential for application in advanced purposes and for
establishing a sustainable and economic solar-driven photoreforming process. This work reports a viable
approach to using CS for the synthesis of Mg-modified graphitic carbon nitride/CS (Mg—-CN/CS)
composites with Mg doping contents ranging from 2 to 7 wt%. Then, the Mg—CN/CS composites served
as efficient photocatalysts for the conversion of biomass-derived sugars to lactic acid under visible-light
irradiation. The experimental findings indicated that CS served as a supporting material to facilitate the
dispersion of CN particles on the CS surface. In addition, CS played a role in the formation of a Mg—CN/
CayFe,Os-bearing CS heterojunction, which was enabled by the presence of the photoactive
semiconductor CayFe,Os in CS. Interestingly, the surface area and porosity of Mg—CN/CS samples
slightly improved after Mg doping possibly due to the formation of structural defects. Contrary to pristine
CN and Mg-CN, the Mg—-CN/CS composites exhibited superior photocatalytic performance for lactic
acid production, which could be attributed to the efficient separation of photogenerated charge carriers
and improved light absorption capability facilitated by the synergetic impact of Mg doping and the Mg—
CN/CS heterostructure. Under visible-light irradiation, 4.7Mg—CN/CS, at its optimal Mg content, achieved
97% glucose conversion and 71% lactic acid production within 2 h at 50 °C. This work provides an
efficient approach to promoting the resource utilisation of CS, industrial solid waste, in the field of
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rsc.li/sustainable-energy biomass photorefinery for the production of valuable chemicals and other photocatalytic applications.

1 Introduction complicated photoreforming mechanism owing to its simpler
structure than that of lignocellulosic biomass.**

Recently, the utilisation of semiconductor photocatalysts for Lactic acid (LA), a biomass-derived platform molecule, has

the conversion of solar energy into chemical energy has gained a robust global market ($3.82 billion in 2020) of approximately
considerable attention in the pursuit of a sustainable society.! 400000 tons annually, and the annual growth is projected to
Their ability to harness sunlight to produce valuable chemicals ~surge at 18.6%.° LA is an important precursor for producing
from readily available resources provides a tangible and envi- biodegradable plastics and various chemicals (acetaldehyde,
ronmentally friendly solution to both energy and environmental — pyruvic acid, propylene glycol, etc.) and can be used in the
challenges. In particular, lignocellulosic biomass, an abundant medical, dyeing, printing and brewing industries.” Tradition-
and inherently renewable carbon source, exhibits remarkable ally, biomass saccharides are used as feedstocks in the presence
potential for the production of platform chemicals and high- of enzymes or microorganisms to produce LA; however, this
value biofuels from a photocatalytic process, providing biological process faces challenges such as costly enzymes,
a pathway towards achieving carbon neutrality.>* Glucose is prolonged fermentation time and low efficiency. Alternatively,
widely used as a model compound for elucidating the thermochemical catalysis has been developed for producing LA

from biomass-derived substances catalysed by acid catalysts

(Zrw and Sn-beta), which were mostly operated at a high

temperature of 160-190 °C.*° Furthermore, alkaline catalysts
“Department of Earth Resources Engineering, Kyushu University, Fukuoka, 819-0395, (Ba(OH)Z and NaOH) have been used and effectively demon-
{ZZZZ E-:Jl‘af:;ii:zic];osa@n;n i;z":cll?;zl:glhuu-u';/afs)eda University, 169-0072, Tokyo, Japan strated high LA yield at 25 °C; however, the process requires
E_maﬂt:y ketkos@wasedajp & 0 ’ P JPA 3 long reacti(.)r.l time (~48 h) and i.s associated with unsa.tisfac-
t Electronic ~ supplementary information (ESI) available. See DOI: tory recyclability.™*" Thus, there is a need for exploration to
https:/doi.org/10.1039/d4se00209a develop alternative technologies for producing LA with high
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efficiency, easy and low-cost operation, mild conditions and
a green process. Therefore, the photocatalytic conversion of
biomass for LA production is a promising route, as it can be
facilitated by solar light at an evaluated temperature (25-80 °C)
and ambient pressure.*>*?

To date, various semiconductor photocatalysts (g-C3N, TiO,,
CuO, and CdS) have been developed to efficiently achieve the
photocatalytic conversion of biomass-derived substances to LA,
other valued-added chemicals and H, under solar-light
irradiation.*''*"” Interestingly, the g-C;N, photocatalyst has
been extensively used compared with other semiconducting
materials owing to its high efficiency, cost-efficiency, robust
stability, suitable band gap (E, = 2.7 eV) and non-toxicity.
However, its low visible-light utilisation and high recombina-
tion rate substantially limit its widespread application.'®** To
address these concerns, the optical properties and photo-
generated charge transportation of semiconducting materials
are optimised using various methods such as element doping,
surface modification and construction of a heterojunction
between semiconducting materials. Notably, element doping is
an effective strategy for modifying the band gap energy of
semiconductors. Compared with other dopants, Mg-doped g-
C3N,; (Mg-CN) photocatalysts have been prepared and have
exhibited significantly high photocatalytic performance in
photo-Fenton-like reactions and CO, reduction owing to
improved light adsorption capability and reduced charge
recombination.?** In addition, the construction of a hetero-
junction between semiconductors is a common strategy for
mitigating photogenerated charge recombination. Previous
studies reported that composites of g-C;N, with an iron oxide-
based semiconductor (e.g. o-Fe,05/g-C3N, and CaFe,0,/g-
C3N,) exhibited enhanced photocatalytic performance
compared with their patent materials because the hetero-
junction can effectively promote charge separation and improve
light-harvesting ability.>>* Thus, the combination of Mg-CN
and an iron oxide-based semiconductor can provide a prom-
ising photocatalyst for the photocatalysis of biomass-derived
substances and other photocatalytic applications.

Globally, approximately two billion tons of steel slag are
produced annually, and Japan generated around 9.5 million
tons of converter slag (CS) in 2020. In general, blast furnace
slag, with low iron oxide contents, finds nearly complete recy-
cling in cement and roadbed materials and other construction
material applications.”® Meanwhile, CS has high iron oxide
contents (above 20%) and swelling properties and faces limi-
tations in civil engineering applications.”” Furthermore, the
steel-making industry, a prominent CO, emitter in Japan, relies
on coke as a reducing agent for iron ore, currently irreplaceable
with H,. Due to the existence of photocatalytic active
compounds such as iron oxide in CS, it has been recently
explored and developed as a low-cost and resource-efficient
photocatalyst for the production of H, and degradation of
organic pollutants. Previous studies reported that pure CS
exhibited low photocatalytic efficiency owing to its high charge
recombination rate and low light absorption capability.>*>°
Hence, the formation of a composite between iron oxide-
bearing CS and Mg-CN has the potential to yield an efficient
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photocatalyst, providing an eco-friendly method for recycling
industrial solid waste. This approach not only holds significant
economic value but also contributes to environmental security.

In this work, CS from the steel-making plant was directly
used without pre-treatment and activation steps to fabricate
Mg-modified graphitic carbon nitride/CS (Mg-CN/CS) compos-
ites with various Mg contents. The obtained Mg-CN/CS
composites efficiently induced the quantitative production of
LA from glucose under visible light and mild conditions. Our
photocatalytic LA production system was found to be more
efficient and cleaner than conventional methods. Furthermore,
the optimal conditions for LA production, possible photo-
catalytic mechanism and role of active radicals were investi-
gated and discussed.

2 Experimental
2.1 Chemicals

CS was generously provided by an anonymous company in
Japan, and its corresponding elemental composition (subjected
to XRF analysis) is presented in Table S1.f CS was mainly
composed of CaO (45%), Fe,0; (25%) and SiO, (13%) in the
same range of concentrations as CS reported in previous
studies.’™** In a typical experiment, CS was ground and passed
through a stainless steel testing sieve (JIS Z 8801, wire diameter
of 71 um; Tokyo Screen Co., Ltd., Japan) before further use. All
chemicals were used as received and were of analytical grade
(data shown in the ESI). Deionised (DI) water was used as
a solvent throughout all experiments.

2.2 Preparation of Mg-modified graphitic carbon nitride/
converter slag (Mg-CN/CS) composites

Dicyanamide (DA, 3.5 g) and a certain amount of MgCl,-6H,0
were dissolved in DI water and stirred for 1 h to generate
a homogeneous solution. Then, 0.1 g of ground CS was added to
the solution and stirred for 30 min. Subsequently, the suspen-
sion was dried at 80 °C for 12 h in a hot air oven. Then, the
obtained dried power was transferred to a silica crucible with
a cover and calcined at 550 °C for 2 h in a muffle furnace in
ambient air. The effect of Mg contents in the Mg-CN/CS
composites on photocatalytic performance was examined by
varying the amount of Mg contents by 2-7 wt%. CHN analysis
revealed that approximately 5 wt% of CS existed in CN/CS and
all Mg-CN/CS composites. Inductively coupled plasma optical
emission spectroscopy (ICP-OES, PerkinElmer 8500, USA) was
employed to determine the Mg contents in all samples. The
solid samples were subjected to digestion in concentrated
HNOj; using the microwave-assisted method before the ICP-OES
measurement. Based on the ICP-OES results, the Mg-CN/CS
composites were denoted as xMg-CN/CS, where x represents
the wt% of Mg in the samples, including 2.3Mg-CN/CS, 4.7Mg-
CN/CS and 7.1Mg-CN/CS. To compare the photocatalytic
performance, pure CN, CN/CS and 4.6Mg-CN were prepared
through a similar procedure but without the addition of CS and
MgCl,-6H,0 for pure CN synthesis, without Mg salt for CN/CS
synthesis and without CS for 4.6Mg-CN synthesis.

This journal is © The Royal Society of Chemistry 2024
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2.3 Characterisation

X-ray diffraction (XRD) measurement was performed using an
Ultima IV X-ray diffractometer (Rigaku, Japan) with Cu-Ka
radiation (A = 1.5418 nm) at 40 kV and 40 mA to examine the
crystallographic information of all as-synthesised samples.
Scanning electron microscope (SEM) images were recorded on
a KEYENCE VE-9800 (Keyence, Japan) equipped with an energy-
dispersive X-ray spectroscopy analyser to investigate the
morphology and elemental composition of the produced
samples. Transmission electron microscope (TEM) images were
obtained from a JEOL JEM ARM200CF (JEOL, Japan).
Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS,
UV-2450 Shimadzu, Japan) and room-temperature photo-
luminescence spectroscopy (PL, FP-6600, JASCO Corporation,
Japan) were performed to analyse the optical characteristics of
the samples. The surface electronic states of the samples were
examined through X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, USA) with an Al K. monochromatic
source (operating at 12 kV and 6 mA). All the binding energies in
the XPS analysis were referenced to the binding energy of [C 1s]
= 284.6 eV, derived from the adventitious carbon of the
surface.” The electrochemical impedance spectroscopy (EIS)
measurements and transient photocurrent measurement were
performed using a Solartron 1280C electrochemical test system
(Solartron Analytical, UK) in 0.1 M NaCl at a pH of 2. The
electron spin resonance (ESR) signals were recorded at room
temperature using a JES-FA200 ESR spectrometer (JEOL, Japan).
The energy-resolved distribution of electron traps (ERDTs) of
the samples was obtained through reverse double-beam-
photoacoustic spectroscopy (RDB-PAS), a technique developed
by Ohtani et al. as previously reported.’***

2.4 Photocatalytic experiments

Photocatalytic conversion of glucose was performed in a sealed
quartz reactor with a rubber septum. In a typical experiment,
25 mg of glucose was added into an aqueous NaOH solution
(1 M, 25 mL) and stirred for 2 min to obtain the homogeneous
solution. Subsequently, the sample powder was introduced to
the solution and stirred in the dark for 30 min at room
temperature to achieve adsorption-desorption equilibrium.
Thereafter, photocatalytic glucose conversion was performed by
heating the quartz reactor to the desired temperature under
visible-light irradiation (a cut-off filter A > 380 nm, 500 W Xe
short arc lamp, 6258, USHIO, Japan). After a 2-h reaction,
0.5 mL of the solution was taken out using a syringe and
promptly filtered through a 0.45 pm micro-porous membrane
(cellulose acetate) filter to collect the liquid fraction. Then,
0.5 mL of H,SO, aqueous solution (1.0 M) was immediately
mixed with the aforementioned liquid fraction to neutralise the
solution pH before further analysis. High-performance liquid
chromatography (HPLC, CO-2065, JASCO, Japan) was employed
to quantify the concentration of glucose and products using an
Aminex HPX-87H (300 x 7.8 mm, BIO-RAD, USA) column
equipped with a refractive index detector for sugar analysis and
a UV-Vis detector (210 nm) for organic acid analysis. H,SO,
aqueous solution (0.5 mM) was used as a mobile phase and
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applied to the HPLC system in the isocratic mode at a 0.6
mL min~" flow rate and a column temperature of 50 °C. Details
of the calculation of glucose conversion and LA yield are
described in the ESL

3 Results and discussion

3.1 Characterisation

Fig. 1 presents the XRD patterns of the CS, CN/CS and Mg-CN/
CS composites with various Mg contents. Notably, the XRD
patterns of CS exhibited the characteristic peaks of Ca,Fe,Os
(JCPDS 38-0408), Ca,SiO5 (JCPDS 49-0442), MgAl,0, (JCPDS 89-
1627) and TiMg,0, (JCPDS 25-1157), similar to the previous
study.”® The predominant Fe phase in CS was Ca,Fe,0s, which
has been extensively reported as a photoactive material (E; ~
2.21 eV) for photocatalytic applications.*? Thus, the Ca,Fe,Os-
bearing CS possibly demonstrates its potential application for
the conversion of biomass into value-added chemicals. The
XRD patterns of pristine CN, 4.6Mg-CN, shown in Fig. S1,T and
Mg-CN/CS-based samples demonstrated two distinct peaks at
260 of 13.2° and 27.5° corresponding to the (100) and (002)
diffraction planes, respectively. These findings agree well with
the XRD patterns reported for g-C;N, materials in previous
studies.'®*” Interestingly, the dominant appearance of the (200)
peak in CN/CS and Mg-CN/CS composites suggested the
formation of g-C3;N, in the composites. However, the peak
became lower in intensities and has larger full width at half
maximum (Table S2t) with the increase in Mg contents, indi-
cating that Mg doping could decrease the degree of condensa-
tion and crystallinity of g-C;N, and increase the structural
defects. Furthermore, there were no diffraction peaks

* Ca,Fe,0;
¢ Ca3Si0;

A TiMg,0,
v MgAl,0,

* g-C;3N,

LA 7.1Mg-CN/CS
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Fig. 1 XRD diffraction patterns of the CS, CN/CS and Mg—-CN/CS
composites with different Mg contents.
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corresponding to Mg species (e.g. Mg;N, and MgO), suggesting
that Mg was dispersed and coordinated with the g-C;N, mate-
rial. Notably, the main characteristic peaks of CS were indis-
cernible in the XRD patterns of the CN/CS and Mg-CN/CS
composites likely due to the low amount of CS in the
composites.

The morphology and micro-structure of the as-prepared
samples were observed in the SEM images (Fig. 2a-f). As
shown in Fig. 2a, pure CS has a smooth surface, and its particle
size is comparatively larger than those of pristine CN and
4.6Mg-CN samples (Fig. S2a and bf}). Meanwhile, the CN/CS
(Fig. S21) and Mg-CN/CS composites exhibit agglomerations
of small CN and Mg-CN particles on the CS surface, indicating
that the CN or Mg-CN particles can grow and adhere on the
surface of CS. Hence, CS can function as a supportive substrate
and could alleviate some issues associated with CN particle
agglomeration, thereby potentially enhancing photocatalytic
activity. Furthermore, SEM-EDS analysis revealed the effective
dispersion of Mg-CN in the 4.7Mg-CN/CS composite, as shown
in Fig. 2f and as evidenced by the overlapping signals of carbon
(C), nitrogen (N) and magnesium (Mg) from Mg-CN with those
of Ca, Fe, O, Al and Si from CS. Fig. 3a presents the low-
magnification TEM image of the 4Mg-CN/CS composite,
which distinctly illustrates the coexistence of CS particles and
thin Mg-CN sheets with a fluffy morphology. In contrast, the
high-magnification TEM image (Fig. 3b) shows a tight interface
of Mg-CN and CS, providing evidence of heterojunction
formation.

The specific surface and pore-size distribution of all samples
were evaluated using N, adsorption-desorption isotherms.

Fig. 2 SEM images of (a) CS, (b) 4.6Mg-CN, (c) 2.3Mg-CN/CS, (d)
4.7Mg—-CN/CS, and (e) 7.1Mg-CN/CS, and (f) elemental mapping
images of 4.7Mg-CN/CS.
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Fig. 3 (a) TEM image of 4.7Mg—CN/CS and (b) its corresponding TEM
image with higher magnification.

Fig. 4a demonstrates that the adsorption isotherms of all
samples were of type IV with an H3 hysteresis loop,*® suggesting
the existence of mesopores in the samples. Fig. 4b shows that
CS had a bimodal pore-size distribution, with narrow pores in
the range of 2-10 nm and broader pores in the range of 10-
40 nm. In addition, the dense and large particles of CS led to
a low surface area of 5 m> g~ *. In contrast, CN and 4.6Mg-CN
had a broad pore-size distribution from 2 to 50 nm and a higher
surface area of 10 m®> g~ " and 11 m* g~ ', respectively, due to the
smaller particles and fluffy morphology. Interestingly, the
surface areas of the CN/CS (16 m”> g ') and Mg-CN/CS
composites (17-25 m> g~ ') were slightly higher than those of
CN and 4.6Mg-CN, indicating the improved dispersion and
reduced aggregation of g-C;N, particles on the CS surface. The
Mg-CN/CS composites had a broad pore-size distribution with
an intensive narrow pore size of around 2-20 nm and broader
pores in the range of 20-50 nm. Notably, the specific surface
area and total pore volume of the Mg—-CN/CS composites (Table
S3t) increased with the increase in Mg contents. The improve-
ment of the surface area and porosity was possibly due to the
hindered g-C;N, growth by Mg doping, probably leading to the
formation of surface defects and the generation of more active
sites.”*** This finding agrees with the XRD analysis results.

PL spectroscopy and photoelectrochemical measurements
were performed to evaluate the separation ability for the pho-
togenerated charge carriers of the samples.*® Generally, PL is
used to simultaneously examine the photoexcitation and
relaxation of semiconductors, which can imply the ability of the
charge transfer, separation and recombination of the photoex-
cited charge carriers of the materials. Basically, lower PL
intensity suggests effective charge separation due to the lower
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Fig. 4 (a) N, adsorption—desorption isotherms and (b) pore size

distribution of all as-prepared samples.
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rate of the recombination process of the photogenerated elec-
tron-hole pair.*® Fig. 5a shows the room-temperature PL spectra
of all samples. The PL results indicated that g-C;N, exhibited
poor separation ability of photoinduced charge carriers, as
evidenced by its high PL intensity. Interestingly, the PL intensity
of 4.6Mg-CN and CN/CS significantly diminished, suggesting
that the separation ability of photogenerated charge carriers
improved after doping with Mg or the formation of the CN/CS
heterojunction. Evidently, the PL intensities of Mg-CN/CS
with different Mg content loadings were much lower than
those of pure g-C;N,, 4.6Mg-CN and CN/CS. Thus, the recom-
bination of photogenerated electrons and holes was effectively
suppressed in the Mg-CN/CS samples. Fig. 5b shows the tran-
sient photocurrent response to pulse irradiation of all the
samples. Photocurrent generation under light irradiation of
a semiconductor coated on an electrode is a commonly used
method for evaluating the efficiency of photogenerated charge
separation.®® Basically, the efficiency of charge separation is
determined using the rate of electron transfer from the semi-
conductor particle network to the underlying electrode layer
and subsequently to an external circuit.** Therefore, a semi-
conductor with a low rate of charge recombination is expected
to exhibit a higher photocurrent response under light irradia-
tion. The Mg-CN/CS samples exhibited higher photocurrent
density than pure g-C3Ny, 4.6Mg-CN and CN/CS, indicating that
the production of photogenerated electrons can be promoted
after Mg doping and the formation of Mg-CN/CS

—CN
——4.6Mg-CN
——cNics
——2.3Mg-CN/CS

L
-

——7.1Mg-CN/CS

PL intensity (a.u.)

400 450 500 550 600
Wavelength (nm)

b) &

- o
N B
»
@
=
@
[+]
z

——2.3Mg-CN/CS

a
o

7.1Mg-CN/CS

8

64

44

24

0 /

20 40 60 80 100 120 140 160
Time (sec)

Photocurrent density (nA.cm

2.3Mg-CNICS

® 7.1Mg-CNICS .
.

500 ve, "o
o % e
s

2501 LW’ e * 00 0y,

0 250 500 750 1000 1250 1500
Z' (Ohm)

Fig. 5 (a) Room-temperature PL spectra, (b) transient photocurrent
behaviour and (c) the EIS Nyquist plot of CN, 4.6Mg-CN, CN/CS and
Mg—-CN/CS composites with different Mg contents.
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heterostructures. Furthermore, the EIS of the as-prepared
samples are depicted in Fig. 5c. The radius of the semicircle
in the Nyquist plots is proportional to the charge-transfer
resistance. A significant decrease in the semicircle diameter is
observed in the Nyquist plots of the Mg-CN/CS samples, indi-
cating quick interfacial charge transportation and low charge-
transfer resistance. Hence, the results from the PL and photo-
electrochemical experiments indicated that the formation of
a heterostructure of Mg-CN and CS, along with Mg doping, can
enhance photogenerated charge separation and transportation,
ultimately prolonging the lifetime of photogenerated charge
carriers. This phenomenon is beneficial for significantly
improving the photocatalytic performance of the materials.

The UV-Vis DRS was used to characterise the optical
absorption properties of all samples. As shown in Fig. 6a, the
pristine CN and 4.6Mg-CN samples have absorption edges at
460 and 480 nm, respectively, indicating that Mg doping of CN
can extend the light absorption range. Notably, pure CS
exhibited a lower adsorption edge compared to the CN-based
samples, suggesting that pure CS might have low photo-
responsive activity. Interestingly, the integration of CS with
the CN in CN/CS samples not only improves light-harvesting
ability but also causes a red shift in the absorption edge into
a longer wavelength compared with the pristine CS and CN
samples. Furthermore, the Mg-CN/CS composites demon-
strated a subtle red shift towards a longer wavelength than the
4.6Mg-CN and CN/CS samples, indicating the synergetic impact
between Mg-CN and CS in expanding the light absorption range
and enhancing its effective utilisation of visible light. To
determine the optical band gap energy (E,) of CS and Mg-CN
from the UV-Vis DRS spectra, Tauc's plots were constructed
using the following equation:**

(ahw)'* = A(hv — Ey) (1)

a) —
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Fig. 6 (a) UV-Vis DRS spectra of all samples, (b) Tauc's plots, (c) Mott—
Schottky plots at a frequency of 1000 Hz of CS and 4.6Mg—CN and (d)
schematic band structure of the 4.6Mg-CN, CS and 4.6Mg—-CN/CS
composites.

Sustainable Energy Fuels, 2024, 8, 3065-3076 | 3069


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4SE00209A

Open Access Article. Published on 04 June 2024. Downloaded on 11/8/2025 10:33:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

where «, %, v and A denote the absorption coefficient, Planck's
constant, frequency of light and proportionality constant,
respectively. The E, values of CS and 4.6Mg-CN, estimated by
extrapolating linear regions to the abscissa (Fig. 6b), were
approximately 2.95 and 2.69 eV, respectively.

Mott-Schottky measurements were performed to ascertain
the flat-band potential (Vg,), which is closely approximated to
the conduction band (CB) potential of n-type semiconductors.
As shown in Fig. 6¢, the positive slopes in the Mott-Schottky
plots of both CS and 4.6Mg-CN indicated their n-type semi-
conductor characteristics. The Vg, values can be determined by
extrapolating the x-intercept of the linear region in the Mott-
Schottky plot using the Mott-Schottky relation. The measured
Vi potentials vs. Ag/AgCl were converted to the normal
hydrogen electrode (NHE) using the formula Exyg = Eag/agcl +
0.197. Thus, the estimated Vy, potentials of CS and 4.6Mg-CN
were about —0.92 and —1.17 V compared with Ag/AgCl,
respectively. Then, the obtained potentials were further con-
verted to the NHE as —0.72 V for CS and —0.97 V for 4.6Mg-CN.
In general, the CB potential of an n-type semiconductor is
approximately 0.1 V more negative than the Vg, potential.*>**
Consequently, the estimated CB potentials of CS and 4.6Mg-CN
were found to be —0.82 and —1.07 V, respectively. Based on the
UV-Vis DRS and Mott-Schottky measurement results, the esti-
mated valence band (VB) potentials of CS and 4.6Mg-CN were
2.13 and 1.62 eV, respectively. As a result, the possible electronic
band structure of the Mg-CN/CS composites can be
diagrammed as illustrated in Fig. 6d. Thus, the integration of
Mg-CN and CS may construct the Z-scheme Mg-CN/CS heter-
ojunction, which can promote charge transportation to reduce
the recombination of photogenerated electron-hole pairs and
enhance photocatalytic activity.

The surface chemical compositions and oxidation states of the
elements of the pure CS, 4.6Mg-CN and 4.7Mg-CN/CS samples
were investigated through XPS analysis. Fig. S3t shows distinct
peaks corresponding to the C, N, O and Mg elements in the Mg-CN
and 4.7Mg-CN/CS samples, whereas there are no signals corre-
sponding to the Ca and Fe elements in the 4.7Mg-CN/CS
composite. This phenomenon suggested that the surface of
4.7Mg-CN/CS is partially covered by the Mg-CN particles. Previous
studies also reported the significant weaker intensities of the Ca 2p
and Fe 2p signals of the composites such as g-C;N,/CaFe,0, and
gC;3N,/artificial CS.>** This is attributed to the predominant
coverage of the surface of CaFe,0O, and artificial CS particles by the
2-C;3N, particles. In the high-resolution spectra of C 1s (Fig. 7a), the
peaks at 284.6, 286.1 and 288.2 eV were attributed to adventitious
carbon impurity (C-C), the (C);-N bond and the N-C=N bond in
the g-C3N, structure, respectively.*” Interestingly, the additional
peak at 289.2 eV corresponding to the C=0 bond was found after
the formation of the 4.7Mg-CN/CS composites, indicating the
formation of C=0 between Mg-CN and CS after compositing.****
The peaks at 397.7, 399.0 and 400.1 eV in Fig. 7b corresponded to C-
N=C, N-(C); and C-N-H in g-C3N,, respectively.”” Notably, the
binding energies of the C 1s peaks for the (C);-N bond and N-C=N
and the N 1s peaks for C-N=C and N—(C); slightly decreased in
4.7Mg-CN/CS. These results suggested that the heterojunction of
Mg-CN and CS induces a charge-transfer process at their interface.
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By fitting the Ca 2p XPS spectra of CS shown in Fig. 7c, two
peaks at 346.5 and 350.0 eV were correlated with the Ca 2p;.,
and Ca 2py, spin states of Ca®*, respectively.?**® In addition, the
Fe 2p peak was deconvoluted into two peaks at 711.9 and
725.1 eV (Fig. 7d), which could be attributed to Fe 2p;/, and Fe
2p1s2, respectively.*®**® This result indicated the existence of
a Fe** oxidation state in CS. Notably, Ca 2p and Fe 2p signals
were not detected in the XPS spectra of 4.7Mg-CN/CS, possibly
due to the low contents of Ca and Fe on its surface. These
findings also suggested that the surface of the 4.7Mg-CN/CS
composite was dominantly coated by the Mg-CN particles.
The O 1s spectrum (Fig. 7e) of CS illustrates three peaks at
259.2, 531.4 and 532.5 eV, which were assigned to the lattice
oxygen Fe-O, Ca-O and the surface adsorbed oxygen species
(OH, H,0), respectively.>* Notably, the peak at 531.8 eV associ-
ated with the C=0 bond was found after the formation of the
4.7Mg-CN/CS composites, indicating the possible formation of
C=0 between Mg-CN and CS in the material. Essentially, the
binding energy of lattice oxygen Fe-O showed a slight shift to
289.8 eV in 4.7Mg-CN/CS, indicating that the charge-transfer
process at the Mg-CN/S interface may have been induced by
the heterojunction formation. For the Mg 1s XPS spectra
(Fig. 7f), the peak observed at 1303.6 eV depicted the Mg-O
bond in MgO in CS.*® Interestingly, the peak at 1304.3 eV in the
Mg 1s XPS spectrum of 4.7Mg-CN/CS indicated that the Mg
species on the composite surface mainly existed in Mg>" ions.**
According to the XPS results, the 4.7Mg-CN/CS composite is
a heterojunction with a significant interaction between Mg-CN
and CS rather than simple physical mixing.

RDB-PAS was employed to investigate the electronic surface
properties of pristine CN, pure CS, CN/CS and 4.7Mg-CN/CS. In
general, corresponding the energy-resolved distribution of elec-
tron trap (ERDT) patterns are constructed to identify, characterise
and elucidate the interfacial charge transfer of the semi-
conductors.”* As shown in Fig. S4,7 there is no signal of ERDT
patterns in the pure CS, whereas the pristine CN shows high
electron accumulation density at around 2.2-2.9 eV, with the
highest electron trap (ET) states at around 2.8 eV. Interestingly, the
new trap state appeared at around 2.3 eV after the fabrication of
the CN/CS heterojunction, which suggests that the strong inter-
facial contact between these two components may cause structural
damage on the surface of each component and subsequently lead
to the creation of a new ET state at the surface of the CN/CS
composite. In addition, the electron accumulation density
slightly increased from 9.3 for CN/CS to 11.0 for 4.7Mg-CN/CS,
which can be explained by that the surface structural defects of
¢-C;N, were increased after the Mg doping of the CN/CS
composite (as suggested by the XRD results). In general, the
surface defects can trap photogenerated electrons, suppressing
the recombination of photogenerated charge carriers and result-
ing in improved photocatalytic activity of the materials.”

3.2 Photocatalytic conversion of glucose to LA under visible-
light irradiation

The photocatalytic activities of various as-synthesised samples
in the LA production from the photocatalytic conversion of

This journal is © The Royal Society of Chemistry 2024
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glucose were initially evaluated at 50 °C for 2 h under visible-
light irradiation (Fig. 8a). The quantification of glucose and
LA as well as potential by-products was performed via HPLC
using peak positions compared with those of pure substances
(Fig. S51). Notably, the glucose conversion and LA and formic
acid production from a control experiment conducted at 50 °C
under visible-light irradiation without the addition of photo-
catalysts were only 72%, 36% and 9%, respectively. In the
control experiment, LA production was induced by the conver-
sion of glucose in an alkaline solution, with a partial contri-
bution from the thermal conversion of glucose due to the
reaction performed at 50 °C. Interestingly, pure CS exhibited
enhanced glucose conversion (91%) compared with the control
experiment, which could be attributed to the presence of the
photoactive-Ca,Fe,Os compound and the basicity provided by
the metallic oxides in CS. However, a lower LA yield (11%) was
obtained, possibly due to CS promoting a side reaction, as
indicated by the higher formation of formic acid (15%) than by

This journal is © The Royal Society of Chemistry 2024

the control experiment. Moreover, comparative analysis of the
photocatalytic activities of pristine CN, CN/CS and Mg-CN/CS
with various Mg contents revealed that 4.7Mg-CN/CS exhibi-
ted the highest photocatalytic activity, achieving around 97%
glucose conversion, 71% LA yield and 2% formic acid produc-
tion. In addition, the photocatalytic performance of the 4.6Mg-
CN sample was compared with that of 4.7Mg-CN/CS. It was
observed that 4.6Mg-CN exhibited lower photocatalytic perfor-
mance than 4.7Mg-CN/CS, obtaining 43% LA yield. Thus, the
photocatalytic activity results indicated that the Mg doping of
CN with appropriate contents and the construction of an
effective heterostructure of Mg-CN/CS could improve photo-
catalytic activity in LA production. Notably, all Mg-CN/CS
composites achieved better glucose conversion and LA
production, exceeding 95% and 65%, respectively, compared
with pristine CN, 4.6Mg-CN and CN/CS. This improvement was
likely attributed to improved visible-light absorption ability,
enhanced photogenerated charge separation and increased

Sustainable Energy Fuels, 2024, 8, 3065-3076 | 3071
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test of the 4.7Mg—CN/CS photocatalyst towards lactic formation in 1 M NaOH under visible-light irradiation at 50 °C after 120 min.

specific surface areas, as suggested by the UV-Vis DRS, PL, EIS,
photocurrent and BET results. Based on the aforementioned
findings, 4.7Mg-CN/CS exhibited the highest LA production.
Consequently, further experiments were conducted using
4.7Mg-CN/CS to investigate the optimal conditions and uncover
a plausible reaction mechanism.

As shown in Fig. 8b, with an increase in reaction time, the
yield of fructose, an intermediate product in the conversion of
glucose to LA in basic solvents, initially increased to 16% in the
initial stage (20 min) but subsequently decreased and became
nearly undetectable after 60 min. Fructose was found to be more
likely to undergo selective transformation into LA after 20 min
of reaction time. Notably, LA was incrementally produced as the

3072 | Sustainable Energy Fuels, 2024, 8, 3065-3076

reaction time was increased, reaching 71% after 2 h. In addi-
tion, a small amount of formic acid, approximately 2%, was
generated and consistently increased throughout the reaction.
In the subsequent photocatalytic tests, the effect of catalyst
dosage on LA production from glucose was explored (Fig. 8c).
The results indicated that LA yields initially increased from 38%
to 71% at a catalyst dosage of 0.5 to 2 g L ™" and then slightly
decreased to 60% at 3 g L™". Excessive photocatalyst amounts
may induce side reactions, reducing the overall activation
energy due to the formation of unstable species after glucose
adsorption at the 4.7Mg-CN/CS surface,' as indicated by the
higher formic acid yield at 3 g L™" of catalyst dosage.

This journal is © The Royal Society of Chemistry 2024
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The influence of reaction temperature on the selective
formation of LA from glucose was investigated and is illustrated
in Fig. 8d. The LA production increased from 60% at 40 °C to
71% at 50 °C and then slightly reduced to 68% at 60 °C. It is
widely known that an increase in reaction temperature is
desirable for the generation of LA from monosaccharides in an
alkaline solution, as this endothermic reaction is thermody-
namically more favourable at elevated temperatures.”® Never-
theless, the LA yield slightly decreased at 60 °C possibly due to
the promotion of other side reactions such as decarboxylation
of LA to formic acid, as suggested by the higher formic acid
production than the reaction at 50 °C.

Additionally, varying the NaOH concentrations from 0.25 to
1 M (Fig. S61) demonstrated enhanced glucose conversion
(97%) and LA yield (71%) at 1 M, with a slight decrease in LA
production (65%) at 2 M due to excessive ‘OH formation,
causing LA peroxidation.**

In addition to glucose, other saccharides, including fructose,
xylose, arabinose and cellobiose, were investigated for the
photocatalytic conversion to LA at 50 °C for 2 h under visible-
light irradiation (Fig. 8e). With the addition of 4.7Mg-CN/CS,
fructose, xylose and arabinose nearly completed the conver-
sion to produce LA in high yields of 78%, 92% and 87%,
respectively. Interestingly, 94% of conversion and 65% yield of
LA were obtained from cellobiose (C12 sugar) within 2 h. The
lower photocatalytic conversion of cellobiose may be due to its
larger molecules than monosaccharides and the fact that the
reaction was initiated by hydrolysis of the B-1,4-glycosidic
bonds.** These results indicated the broad applicability of the
4.7Mg-CN/CS composite for the production of LA from
biomass-derived monosaccharides and disaccharides.

3.3 Reusability test

In addition to high photocatalytic performance, stability and
reusability are crucial factors influencing the practical applica-
tion. After each photocatalytic reaction cycle, the 4.7Mg-CN/CS
composite was separated through centrifugation and washed
with DI water until the pH of the supernatant became neutral.
Subsequently, the 4.7Mg-CN/CS composite was dried at 80 °C
and reused for the subsequent cycle. As shown in Fig. 8f, the
photocatalytic performance of the 4.7Mg-CN/CS composite
exhibited no significant loss of glucose conversion and a slight
decrease in LA production during the five consecutive runs.
Therefore, the 4.7Mg-CN/CS composite demonstrated favour-
able stability and reusability in the photocatalytic production of
LA during the recycling test. The slight decline in LA yield may
have been caused by the loss of some photocatalysts during the
recovery process.

3.4 Possible photocatalytic reaction mechanism

Scavenger experiments were conducted to examine the effect of
reactive oxygen species on the photocatalytic LA production
from glucose. Upon the addition of tryptophan (TRP, 'O, scav-
enger), para-benzoquinone (BQ, ‘O,  scavenger), ethyl-
enediaminetetraacetic acid disodium salt (EDTA-2Na, h*
scavenger) or isopropyl alcohol (IPA, "OH scavenger), there was

This journal is © The Royal Society of Chemistry 2024
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no significant change in glucose conversion (Fig. 9a). However,
the yields of LA were inhibited to various degrees, with the most
significant inhibition observed in the presence of TRP or BQ.
These results indicated that all the ‘O, , 'O,, ‘'OH and h*
radicals were involved in the reaction and that the major active
radical species in the photocatalytic reaction for the selective
production of LA are "0, and '0,.

ESR spectroscopy was employed to verify the generation of
radicals during the photocatalytic reaction. Radical trapping
agents such as 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in
water and methanol were used for ‘OH and ‘O, detection,
respectively, whereas 2,2,6,6-tetramethylpiperidine (TEMP) in
water was used for 'O, detection. In Fig. 9b-d, the quartet
hyperfine splitting pattern of the spin adduct DMPO-"0, ", with
a relative intensity of 1:1:1:1, indicates 'O,  trapping by
DMPO under visible-light irradiation. Similarly, the ESR spec-
trum of the spin adduct DMPO-"OH was observed, exhibiting
the quartet hyperfine splitting pattern (relative intensity ratio of
1:2:2:1) under visible-light irradiation.***” Notably, there are
no ESR spectra of spin adduct DMPO-"OH and DMPO-"0O, " in
the absence of light, indicating that no "OH and 'O,  were
generated. In addition, the oxidation of TEMP by 'O, can
produce the TEMPO (2,2,6,6-tetramethyl-1-piperidinyl) free
radical, detected by ESR as a triplet hyperfine splitting signal
with a relative intensity ratio of 1:1:1.%” Small TEMPO signals
under dark conditions may result from the electron transfer
oxidation of TEMP to TEMPO in the presence of O,.** A higher
TEMPO intensity under visible-light irradiation confirms the
'0, generation during the photocatalytic reaction. Thus, the
ESR results indicated that "O,~, ‘OH and 'O, were generated
during the photocatalytic reaction and played a pivotal role in
the subsequent oxidative reaction of glucose to LA. However, the
results from scavenger experiments indicated that *OH exhibi-
ted less contribution to LA production. Previous studies re-
ported that 'O,” and 'O, served as milder oxidants, avoiding
overoxidation and resulting in a more selective oxidation of
organic compounds compared with "OH.*

Based on the above experimental results, the mechanism
underlying the photocatalytic production of LA from glucose by
4.7Mg-CN/CS was elaborated. Essentially, a photoactive
Ca,Fe,05 component in CS could significantly contribute to the
formation of a Mg-CN/Ca,Fe,Os-bearing CS heterojunction. In
CS, Ca;Si05 and MgAl,O, are recognised as insulators, whereas
Mg,TiO, is known to be a semiconductor with a wide E, of
3.81 eV.* Thus, they could not play crucial roles in the photo-
catalytic activity of the composites. Possibly, Ca;SiOs, MgAl,O,
and Mg,TiO, in CS can serve as supporting materials for the
dispersion of Mg-CN particles on the surface of Mg-CN/CS
composites. According to the constructed electronic band
structure diagram, the VB potential of 4.6Mg-CN (1.62 eV) was
more negative than that of CS (2.13 eV), whereas the CB
potential of CS (—0.82 eV) was more positive than that of 4.6Mg-
CN (—1.07 eV). Clearly, if the charge transfer followed a tradi-
tional type II Mg-CN/CS heterostructure, the hole in the VB of
4.6Mg—CN cannot convert OH™ to "OH due to the more negative
VB potential of 4.6Mg-CN (1.62 eV) than the standard normal
potential of OH /°OH (1.99 eV). Evidently, the production of
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"OH during the photocatalytic reaction supported the Z-scheme-
type charge transfer in the Mg—-CN/CS heterojunction and hel-
ped mitigate the recombination of photogenerated electron-
hole pairs. Typically, the electrons and holes were generated by
both Mg-CN and CS under visible-light irradiation. Simulta-
neously, the photogenerated electrons in the CB of CS migrated
to the VB of Mg-CN, where they combined with photogenerated
holes. The accumulated photogenerated electrons in the CB of
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generated ‘0,  can further be transformed into 'O, reactive
species by the photogenerated holes. Furthermore, the photo-
generated holes in the VB of CS can convert OH™ to 'OH as the
VB potential of CS (2.13 eV) is more positive than the normal
potential of OH™/"OH (1.99 eV).** Finally, these highly active
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radicals ("O,”, '0, and 'OH) proceeded to undergo photo-
catalytic conversion of sugar to produce LA.

Next, a possible photocatalytic reaction pathway of glucose
conversion by 4.7Mg-CN/CS under visible-light irradiation will be
discussed (Fig. 10). First, the isomerisation of glucose to fructose
occurred in an alkaline solution. In the meantime, ‘0,~, 'O, and
"OH effectively cleaved the C-C bond of glucose, initiating its retro-
aldol condensation to yield glyceraldehyde and 1,3-dihydroxyace-
tone. Subsequently, both C3 compounds underwent the dehy-
dration reaction to form pyruvaldehyde, followed by radical active
species facilitated rearrangement to produce LA.° Moreover, some
side reactions may occur during the reaction. For instance, glucose
and fructose can undergo isomerisation, and glucose can be oxi-
dised through o and P oxidation pathways (Fig. S7t), finally
yielding formic acid as a by-product.*?

4 Conclusion

A series of Mg-modified graphitic carbon nitride/converter slag
(Mg-CN/CS) composites with Mg doping contents ranging from 2
to 7 wt% were successfully fabricated and evaluated for their
photocatalytic performances for the conversion of biomass-
derived saccharides to LA under visible-light illumination. The
characterisation results (UV-Vis DRS, PL, EIS and BET) revealed
the synergic effects of Mg doping and heterojunction of Mg-CN/
Ca,Fe,Os-bearing CS, leading to improved visible-light response
properties, increased separation rates of photogenerated electron—
hole pairs and enhanced active surface areas in the materials.
Furthermore, the alkaline properties of metallic oxides in CS may
contribute to pH elevation and shift the isomerisation equilib-
rium, thereby enhancing fructose production, subsequently
leading to the increased selective production of LA. Thus, the Mg-
CN/CS composites exhibited a much higher photocatalytic
performance than pristine CN, pure CS and 4.6Mg-CN. The
4.7Mg-CN/CS sample demonstrated the highest glucose conver-
sion (97%) and LA yield (71%) among all the samples after 2 h at
50 °C under visible-light irradiation. This study explored a feasible
way to achieve the high value-added utilisation of CS and
contributes to the sustainable and economical solar-driven pho-
tocatalytic conversion of biomass for the production of valuable
chemicals. In addition, considering the substantial CO, emissions
from the steel industry, the reutilisation of CS for biomass pho-
torefinery demonstrates its potential contribution to carbon
neutrality.

Data availability

The raw/processed data required to reproduce the above find-
ings cannot be shared at this time as the data also form part of
an ongoing study.
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