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Introduction

The serious pollution of the environment and the
rapid consumption of fossil fuels are the serious
problems facing mankind [1-3]. Thus, human beings
must develop sustainable renewable energy to reduce
dependence on fossil fuels and pollution emissions.
As we known, hydrogen energy is recognized as a
clean energy, as a low-carbon and zero-carbon energy
is emerging [4-6]. And photocatalytic water splitting
for hydrogen production provides a promising
method for obtaining the energy needed by human
beings [7-9]. Meanwhile, ciprofloxacin (CIP) is a
frequently used wide-spectrum antibacterial drug
with the characteristics of strong permeability, strong
bactericidal ability and fast speed. Because of its
widely used and lack of effective treatment processes,
it can accelerate bacterial resistance in terms of sur-
face water and cause biological toxicity, which brings
huge threats to human health and the safety of the
entire ecosystem [10, 11]. Fortunately, photocatalytic
technology can also be used effectively to degrade
organic pollutants for reducing environmental pol-
lution [12-18]. Therefore, how to construct effective
photocatalyst to improve photooxidation and pho-
toreduction activity is the focus of current
researchers.

Cadmium sulfide (CdS) has a band gap that is close
to the optimum value for solar energy conversion and
therefore possesses a high visible light absorption
coefficient, which can be used as a promising visible-
light-driven photocatalyst [19, 20]. However, under
long-term irradiation, its structure will be destroyed
due to severe photo-corrosion. In addition, CdS
nanoparticles may suffer from a large amount of
aggregation, resulting in a decrease in specific surface
areas and a scarcity of active sites [21, 22]. For the
purpose of solving the problem of aggregation and
photo-corrosion of CdS photocatalysts, various cor-
responding studies have been carried out, such as
loading precious noble metals, forming solid solu-
tions and constructing semiconductor heterojunc-
tions [23, 24]. However, these methods require
complex preparation processes as well as expensive
fabrication costs, and it is of utmost importance to
develop a simple and cost-effective method for
ameliorating CdS. Recently, immobilization of CdS
nanoparticles on the surface of carbon materials with
high specific area (such as graphene, carbon
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nanotube, fullerene, etc.) can effectively solve their
agglomeration problems [25].

Compared with traditional carbon materials, bio-
mass carbon is renewable and inexpensive, which is
in line with the path of sustainable development
[26-29]. Biomass is rich in cellulose, hemicellulose
and lignin, among which lignin is a renewable bio-
mass resource with abundant reserves, second only
to cellulose, and widely exists in wood, sorghum,
corncob and other plant resources [30, 31]. However,
in most cases, lignin is considered only as a biomass
waste in the pulp industry, and more than 95% of it is
thrown into rivers or burned after concentration [32].
In particular, a large amount of industrial lignin from
the paper industry and bioengineering is used as an
industrial by-product and less than 2% is recycled as
a chemical feedstock, which not only wastes resour-
ces, but also causes environmental problems [33, 34].
In addition, lignin is an aromatic ring structure con-
taining various functional groups consisting of car-
bon, hydrogen, oxygen and a small amount of
nitrogen with nearly 60% carbon, and these advan-
tages make lignin an ideal choice for biomass carbon
[35, 36], which can not only turn waste into treasure,
but also improve its high-quality application effec-
tively. Biomass ethanol lignin is a by-product of the
fuel production process from maize straw and wheat
straw, which is cheap and easy to obtain and has not
been treated with high temperature, pressure or acid
or alkali, so it is naturally well preserved. Hence, it is
a challenge to use biomass ethanol lignin as a bio-
mass carbon source precursor to modify CdS for
enhancing its photocatalytic activity, which has not
been reported before.

In this study, biomass ethanol lignin was used as a
biomass carbon source to modify CdS nanoparticles
to form composite photocatalyst for the photocat-
alytic degradation of ciprofloxacin and hydrogen
production performance under visible light irradia-
tion. The photocatalytic enhancement mechanism of
photooxidation and photoreduction activity was
proposed based on various characterization tests.

Experimental section
Materials
Biomass ethanol lignin was provided from Jilin Fuel

Ethanol Co, Ltd. Ciprofloxacin (CIP), cadmium
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dihydroacetate (Cd(CH;COO),02H,0), magnesium
oxide (MgO), p-benzoquinone (p-BQ), tri-
ethanolamine (TEOA), isopropanol (IPA) were pur-
chased from Macklin’s Reagent Co., Ltd. Lactic acid
was purchased from Sinopharm Group Chemical
Reagent Co., Ltd. Ethanol and dimethyl sulfoxide
(DMSO) were from Tianjin Damao Chemical Reagent
Factory. Distilled water was supplied by UPT-A
(Shanghai Shenfen Analytical Instrument Co., Ltd.).
All chemical reagents are analytical purity and can be
used without further purification.

Synthesis of lignin carbon (LC)

The mass ratio of lignin to MgO (2:1) was dispersed
in 40 mL of distilled water and stirred vigorously for
30 min. Subsequently, the mixed solution was con-
tinued at 100 °C to evaporate the water in the mix-
ture. The dried sample was ground and transferred
to a tube furnace for calcination at 600 °C with the
heating rate of 5 °C min~' under N, atmosphere for
2 h. The resulting sample was then added to dilute
hydrochloride acid solution (1 mol/L) and stirred for
1 h to remove the template. After thorough washing
with pure water, the LC powder was collected.

Synthesis of CdS/LC composites

CdS/LC composites with different mass ratios were
prepared and the specific synthetic route is shown in
Scheme 1. Firstly, 0.213 g of Cd(CH3;COO),#2H,0O
and different weights of LC (0.01 g, 0.03 g, 0.05 g and

Hot water
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0.07 g) were added to 80 mL of DMSO. After that, the
mixed solution was stirred vigorously for 0.5 h and
ultrasonically treated for 0.5 h. Next, the above
solution was transferred to a 100 mL autoclave and
kept at 180 °C for 12 h. When the temperature
dropped to room temperature, it was washed three
times with ethanol and finally dried in an oven at 80
°C. The resulting products were abbreviated as CdS/
LC-1, CdS/LC-3, CdS/LC-5 and CdS/LC-7, respec-
tively. Pure CdS sample was prepared under the
same synthetic conditions without the addition of LC.

Photocatalytic degradation experiment
of ciprofloxacin (CIP)

The photocatalytic activity of as-prepared samples
was tested in a photochemical protection chamber
(CEL-LB70-5, Beijing Zhongjiao Jinyuan Technology
Co., Ltd.) by degrading CIP under visible light at
room temperature environment. A 500 W Xe lamp
with UV cut-off filter (2 > 420 nm) was used as the
visible light source. Firstly, 30 mg of photocatalyst
was added to 100 mL of CIP solution (50 mg/L), and
then the suspension was magnetically stirred for
30 min to reach adsorption—desorption equilibrium
in the dark. During the photocatalytic reaction, 5 mL
suspension was extracted after centrifugation and
analyzed by UV-visible spectrophotometer at 276 nm
to evaluate the photocatalytic activity based on the
following equation:

E Stirring Carbonization Washing
}ﬁb 600 °C, N, HCI, 1 mol/L
100°¢ LC-Mg(OH), LC
@ LC\ Cd(CH,C00),*2 H,0
E Stirring 30 min i Cleaning
] Ultrasonic 30 min > = }TD

180°C,12h

CdS/LC

Scheme 1 Schematic route steps of LC and CdS/LC composite photocatalyst.
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Degradation (%) = (1 — C/Cp) x 100% (1)

Cop represents the absorbance of the initial concen-
tration of CIP solution and C represents the absor-
bance of the CIP solution concentration after the
photo-reaction.

Photocatalytic hydrogen production
experiment

For photocatalytic hydrogen production test, 30 mg
of photocatalyst was taken and dissolved in 100 mL
of solution (90 mL of water and 10 mL of lactic acid
as the sacrificial agent). Then, 3 wt.% of Pt was added
to the photocatalytic system as a co-catalyst to facil-
itate the hydrogen evolution reaction. All the above
experimental steps were carried out under magnetic
stirring. Visible light was provided by a Xenon lamp
equipped with a long-pass wavelength of
/> 420 nm. The temperature of the cooling water in
the cooling circulation system was maintained at 5
°C. The on-line GC-7920 gas chromatograph (GC)
was set up with a thermal conductivity detector
(TCD) and a 5 A molecular sieve column with N, and
air as carrier gases for detection.

The detailed characterizations, photoelectrochemi-
cal and active species capture tests are provided in
Supporting Information.

Results and discussion

The crystal structure of the as-prepared LC, pure CdS
and CdS/LC-3 samples was characterized by X-ray
diffraction (XRD) and is shown in Fig. S1. As can be
seen, the broad characteristic diffraction peaks of LC
at about 21.9° and 42.3° can be indexed to the (002)
and (100) crystal planes of graphitic carbon (JCPDS
NO. 41-1487) [37] Moreover, the XRD pattern of CdS
clearly displays that three distinct peaks of pure CdS
at 26°, 44° and 52.1° can be indexed to (111), (220) and
(311) planes of CdS (JCPDS 80-0019), respectively
[38]. The XRD pattern of CdS/LC-3 composite shows
similar peaks to those of pure CdS and exhibits a
slight fluctuation at 21.9°, indicating CdS particles
were successfully loaded on LC surface to form CdS/
LC composite [39]. To investigate the functional
groups of as-prepared products, Fourier transform
infrared (FT-IR) spectra of LC, CdS and CdS/LC-3
were carried out (Fig. S2). The FT-IR spectrum of LC
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shows that the peak near 3430 cm™' is due to the

stretching vibration of the hydroxyl group (¢OH) and
the peak at 1550-1650 cm™' indicates aromatic
skeletal vibrations (C-C/C-O) [40, 41]. The FT-IR
spectra of pure CdS and CdS/LC-3 composite exhibit
similar peaks, with peaks around 2900-2800 cm ™" are
attributed to C-H stretching vibrations and Cd-O
stretching vibrations, and other peaks at the ranges of
1410-1380 cm™' are ascribed to Cd-S bonds [42].
Moreover, the peaks corresponding to pure CdS in
the CdS/LC-3 composite remained unchanged,
indicating that the chemical structure of CdS was not
changed after loading on the LC. Fig. S3 shows the
Raman spectra of as-prepared samples to further
confirm the composition of materials. Raman analysis
of the pure CdS nanoparticles exhibits that the char-
acteristic Raman peaks at around 290 cm™' and
584 cm™! are assigned to longitudinal optics arising
from Al mode Cd-S bond vibrations [43, 44]. In the
Raman spectra of the LC and CdS/LC-3 samples, it
can be observed that the two peaks at 1343 and
1597 cm ™" are responsible for D-band and G-band,
which are due to ring breathing vibrations of the
condensed benzene ring in the partially hydro-
genated amorphous carbon material and the in-plane
bond stretching motion of the sp* carbon atom pair in
the aromatic and olefin molecules [45]. In addition, a
2D-band at 2892 cm ™! can be found in LC indicates a
high degree of crystallinity of LC, which is ascribed
to the fact that Mg(OH), acts as a structural guide to
improve the disordered structure of lignin during
water evaporation, allowing LC to obtain a high
degree of graphitization and crystallinity after car-
bonization [46]. This improvement facilitates the fast
shuttle of electrons so that LC can effectively sup-
press the fast recombination of electron-hole pairs
over CdS.

The surface morphology and elemental distribu-
tion of the composite photocatalyst were given
through using scanning electron microscope (SEM),
transmission electron microscopy (TEM), high-reso-
lution transmission electron microscopy (HRTEM)
and elemental mapping techniques (Fig. 1). As dis-
played in Fig. 1a, the CdS exhibits a spherical mor-
phology with the particle size of 100-200 nm, which
are agglomerated together. And the LC sample pre-
sents an irregular curl-like structure with abundant
holes and channels, which may be due to the caking
of the released gas after calcination (Fig. 1b). In
Fig. 1c, it can be seen that a large number of CdS
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Figure 1 SEM images of a CdS, b LC and ¢ CdS/LC-3 composites; d, e TEM and f HRTEM images of CdS/LC-3; g—j HAADF and

elemental mapping images of CdS/LC-3 composite.

nanoparticles are uniformly dispersed on the attach-
ment surface of the LC and eventually exhibit irreg-
ular flowers-like structure, which facilitates
dispersing nanoparticles, enhances the active site of
the photocatalytic reaction, and further increases the
photocatalytic activity. High magnification TEM
observations (Fig. 1d, and e) of the CdS/LC-3 com-
posite edges exhibit that CdS nanoparticles with a
diameter of approximately 110 nm are well dispersed
on the LC. The HRTEM image in Fig. 1f shows the
edge of CdS/LC-3 composite, confirming the lattice
spacing is determined to be 0.34 nm, which is in line
with the (111) plane of CdS [47]. In addition, the
HAADF and corresponding elemental mapping
images of the CdS/LC-3 composite are also analyzed
in Fig. 1g-i and the results revealed that C, S and Cd
elements were clearly observed in the synthesized
composite photocatalyst.

@ Springer

X-ray photoelectron spectroscopy (XPS) was
employed to investigate chemical composition and
valence of the elements contained in the CdS/LC-3
composite photocatalyst, as presented in Fig. 2. The
XPS full spectrum of CdS/LC-3 in Fig. 2a exhibits
five elemental peaks, including C, N, Cd, S and a
small amount of O, can be observed. The presence of
oxygen mainly comes from the oxygen-containing
functional groups on the LC surface. Figure 2b shows
the high-resolution spectrum of Cd 3d, correspond-
ing to 405.1 eV (Cd 3ds,,) and 411.8 eV (Cd 3d3,2),
respectively, indicating the presence of Cd*" in the
pure CdS [48]. The S 2p spectrum (Fig. 2c) of the
CdS/LC-3 sample possesses two peaks at 161.4 eV
and 162.5 eV, which are ascribed to S 2pz,, and S
2p1 /2, respectively [49]. High-resolution C 1 s spectra
of CdS/LC-3 composite in Fig. 2d reveals that surface
functional groups on LC with binding energies at
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Figure 2 XPS analysis of
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CdS/LC-3 composite: a survey
spectrum and high-resolution
spectra of b Cd 3d; ¢ S 2p and
dC ls.
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288.4 eV, 283.5 eV, and 285.7 eV were observed and
attributed to O-C=0/COOH, C-0O/C=0, and C-
OH/C-0O-C bonds, respectively [39]. The remaining
binding energies at 284.7 eV and 284 eV (assigning to
C-C/C-H for sp® and C=C for sp®) reveal the pres-
ence of graphitic structures in LC on the CdS surface
[46]. From a typical XPS full spectrum of LC
(Fig. S4a), only the C and O peaks are observed,
indicating that the structure-directing agent has been
completely removed. The Cls high-resolution spec-
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trum of LC (Fig. S4b) shows five binding peaks at
284.6 eV, 285.5 eV, 286.4 eV, 288.3 eV and 2889 eV,
corresponding to sp*~C, sp°~C, C-O, C=0 and O=C-
O, respectively [50]. Among them, the content of sp>
C has higher peak intensity, indicating a higher
degree of graphitization, which is consistent with the
Raman results. In addition, XPS analysis shows that
the oxygen peak of LC is higher, which indicates that
LC contains rich oxygen-containing functional
groups. The decomposition of H,O by thermal tem-
plate Mg(OH), can prevent the excessive pyrolysis of
oxygen-containing functional groups [46, 50].

To further investigate the specific surface area and
pore structure of as-prepared samples, the samples
were characterized by N, adsorption—-desorption
isotherm curves (Fig. 3). The results show that the

o

Figure 3 Nitrogen adsorption—desorption isotherm curves and
measured specific surface area (inset) of LC, CdS and CdS/LC
composite.

isotherms of the LC exhibit a combined i/iv pattern
with a narrow H3 hysteresis loop in the range of
0.15-1.0 P/Py, which is a good indication of the
coexistence of micro-, meso- and macro-pores
[51, 52]. In addition, it is also observed that the N,
adsorption—desorption capacity of the pure CdS was
quite low, indicating little pore structure in the
sample. Due to the addition of LC, the isotherm plot
of CdS/LC-3 composite also shows a combined I/IV
pattern with a narrower H3 hysteresis loop in the
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0.3-1.0 P/Py range. The BET surface areas of LC, CdS
and CdS/LC-3 samples were measured to be 166.98
m’g ', 1.8 m®>g ! and 111.5 m* g', respectively,
indicating that LC can greatly increase the specific
surface area of pure CdS and endow CdS nanopar-
ticles with more active sites, which is conducive to
boost its photocatalytic performance.

UV-Vis diffuse reflectance spectroscopy (DRS) was
carried out to study the optical absorption of LC,
pure CdS and CdS/LC-3 composite. As exhibited in
Fig. 4a, pristine CdS can absorb solar energy in visi-
ble light regions up to 530 nm, and the LC can absorb
light well throughout the visible region. Notably, the
introduction of LC into CdS leads to an increase in
visible light absorption. This is because the LC is
black, which effectively reduces the reflection of light
and thus increases the absorption of pristine CdS
(digital photographs of as-prepared samples in
Fig. S5), which indicates that LC can act as a photo-
sensitizer to promote the production and transfer of
photo-induced electrons under visible light irradia-
tion. Furthermore, the band gap energy (E,) value of
the prepared CdS was measured to be 2.47 eV in
Fig. 4b.

The photooxidation activity for photodegradation
of ciprofloxacin (CIP) by the CdS/LC composite
photocatalysts under visible light was evaluated and
is illustrated in Fig. 5. In Fig. 5a, the photodegrada-
tion curve in the absence of photocatalyst clearly
demonstrates that the structure of CIP is very
stable against photodegradation. Furthermore, from
the adsorption—-desorption equilibrium curves of all
samples, it can be seen that the adsorption capacity of
the CdS/LC composites for CIP was much higher
than that of CdS due to the superior adsorption
capacity of LC. As the amount of LC gradually
increases in the composite system (from CdS/LC-1 to

J Mater Sci (2021) 56:19452-19465

CdS/LC-3), the photocatalytic degradation activity is
gradually enhanced due to the excellent electron
transport properties of LC that promotes the photo-
induced electron transfer of CdS and subsequently
enhances the photocatalytic activity [53]. Most
importantly, the CdS/LC-3 sample showed excellent
photocatalytic performance for the degradation of
CIP, with the degradation efficiency of the CdS/LC-3
sample reaching a high value of 98% within 60 min
irradiation. It can be found that excess LC reduces the
photocatalytic performance of the photocatalyst,
probably because the covered numerous LC hinders
the utilization of visible light at the active site of the
photocatalyst [54]. Therefore, an appropriate ratio of
composite photocatalyst (CdS/LC-3) can exhibit
improved adsorption activity and photocatalytic
activity. Figure 5b shows the corresponding pseudo-
first-order kinetic plots for the prepared photocata-
lysts during the CIP photodegradation. It can be seen
from the plots that all samples showed good linearity,
indicating that all photocatalysts followed the
pseudo-first-order kinetics, and the slope of the CdS/
LC-3 sample was maximum. Based on the corre-
sponding kinetic constants (k) of the samples
(Fig. 5¢), it is evident that k value of the CdS/LC-3 is
about 2.3 times higher than bare CdS. In order to
investigate the stable performance and recyclability
of composite, the photocatalytic cycling performance
of CdS/LC-3 was tested and is shown in Fig. 5d. It
was found that the photocatalytic activity of CdS/
LC-3 was very stable after four consecutive degra-
dation cycles, which also indicated that the addition
of the LC sample successfully inhibited the photo-
corrosion and agglomeration of CdS in the photo-
catalytic reaction.

To further investigate the photoreduction activity
of CdS/LC composite, photocatalytic hydrogen

Figure 4 a UV diffuse (a)
reflectance spectra (DRS) of
LC, CdS and CdS/LC-3 and

b measured energy band gap
of CdS.

Absorbance (a.u.)
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production experiments with CdS/LC photocatalysts
were carried out. As shown in Fig. 6a, it can be seen
that the amount of hydrogen production increased
for all samples with increasing visible light irradia-
tion time, which proves that this is indeed a photo-
catalytic reaction. Moreover, it can be noted that the
hydrogen production of pure CdS is very low
(62.9 pmol in 4 h). After coating CdS on the LC to
form CdS/LC composite, photocatalytic performance
of as-prepared samples has been enhanced, indicat-
ing that LC plays an indispensable role in this com-
posite photocatalytic system. It is worth noting that
the highest photocatalytic performance of the CdS/
LC-3 composite (234.7 pmol in 4 h) was observed,
which was about 3.73 times higher than that of CdS.
It is clear that the excess LC reduces the hydrogen

production of the photocatalyst, which may also be
due to the large amount of LC covering the photo-
catalyst, hindering the visible light from the active
sites of the photocatalyst, thus reducing the hydrogen
production efficiency [55-58]. It can be found that the
photocatalytic hydrogen production and TC degra-
dation activity of CdS/LC-3 is higher than most
reported photocatalysts in Table S1. In addition, as
exhibited in Fig. 6b, the CdS/LC-3 composite showed
excellent stability over four cycle tests (4 h of expo-
sure to visible light each time). For investigating the
charge separation of as-prepared samples, the pho-
toluminescence (PL) spectra of CdS and CdS/LC-3
composite were recorded at an excitation wavelength
of 325 nm and are shown in Fig. S6a. In general, the
lower the PL intensity, the stronger the separation

Figure 6 a Photocatalytic H, (a) (b)

. 250 250 . .
production curves of as- —=—CdS 1st ¢ 2nd . 3rd : 4th
prepared samples under visible S 200 |De ggz;::g; = 200 / ' .
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efficiency of electron-hole pairs of photocatalytic
materials. CdS exhibits a strong intrinsic emission
band with a peak at around 500 nm, and the PL
strength of CdS/LC-3 composite is greatly reduced
compared with that of pristine CdS, probably because
the combination of LC and CdS can promote the
separation of photo-generated carriers [59-62]. Time-
resolved fluorescence spectroscopy was used to fur-
thermore measure and calculate the lifetime of the
charge carriers over the as-prepared photocatalysts.
As presented in Fig. S6b, from the time-resolved
fluorescence decay fitting curves, it can be obtained
that the average lifetime (7,y.) of CdS is 4.93 ns. In
contrast, CdS/LC-3 exhibits longer lifetime of 9.01 ns,
implying that the addition of LC could promote the
charge transfer separation efficiency. In addition, as a
tool to study the interfacial electron transport and
charge transfer on the photocatalyst, photoelectro-
chemical measurements were performed. In Fig. Séc,
it can be seen that the photocurrent responses of the
as-obtained photocatalysts were generated immedi-
ately after visible light irradiation and then reached a
maximum value, and when the light was turned off,
the photocurrent disappeared rapidly, confirming it
is indeed a photocatalytic reaction process. And
CdS/LC-3 exhibited a photocurrent density about
twice that of pure CdS, which is consistent with the
above PL results, further demonstrating that LC
plays an important role in suppressing the recombi-
nation of electron-hole pairs and improving the
separation efficiency of photogenerated electrons at
the composite interface [63, 64]. Furthermore, elec-
trochemical impedance spectroscopy (EIS) was per-
formed to measure the charge transfer resistance of
as-prepared photocatalysts. As presented in Fig. S6d,
the CdS/LC-3 composite exhibited a much smaller
semicircle diameter than pure CdS, indicating faster
charge transfer occurred at their interfaces in the
composite after the introduction of LC [65-70]. These
evidences show that the addition of LC greatly
enhances the transfer of photoinduced electrons,
promotes the photocatalytic reaction and plays an
active role in photo-induced carrier separation.

To investigate the main reactive active species,
benzoquinone (BQ), isopropanol (IPA) and tri-
ethanolamine (TEOA) were used as the trapping
agents of «O, ,#OH and h™, respectively, during the
photocatalytic reaction (Fig. S7a and b). During the
photocatalytic reaction, the photodegradation rate of
CIP over CdS and CdS/LC-3 samples decreased
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significantly with the addition of BQ, indicating that
¢, radicals were the most active species in this
study. In addition, the degradation rates of CIP over
CdS and CdS/LC-3 samples were also limited after
the addition of IPA and TEOA, indicating that ¢OH
and 1™ are also as the reactive species participating in
the photocatalytic reaction. The reactive oxygen spe-
cies of CdS and CdS/LC-3 composites were investi-
gated using the Electron spin resonance (ESR)
method in the presence of dimethyl pyridine N-oxide
(DMPO) free radical trapping agents (Fig. S7c and d).
In the dark, neither O, nor ¢OH signals of CdS and
CdS/LC-3 were observed. Significantly, under visible
light irradiation, the ¢O,” and ¢OH signals of both
CdS and CdS/LC-3 were clearly detected and the
signal intensities of CdS/LC are significantly stronger
than those of the pure CdS. Hence, the results also
indicate that the CdS/LC-3 composite is more effi-
cient in terms of separation efficiency of photogen-
erated carriers compared with pure CdS [46].
According to the Mott-Schottky plot in Fig. S8, the
derived flat-band potential is around — 0.60 V vs.
Ag/AgCl for pristine CdS, ie., —0.40 V vs. NHE
(pH = 6.5). Thus, the CB of CdS is measured to be -
043V vs. NHE (pH =7). Due to the bandgap of
2.47 eV, the VB of CdS is located at 2.04 V. Based on
the above results, the photocatalytic enhancement
mechanism of CdS/LC composite is proposed as
shown in Fig. 7. The CdS nanoparticles can be
homogeneously immobilized on the LC and the CdS/
LC composite exhibits a hierarchical structure similar
to the three-dimensional nanostructure of LC, which
can confer fast matter transfer and enhanced light-
harvesting properties to the photocatalyst. In addi-
tion, the three-dimensional nanostructure of LC
provides a large number of adsorption sites for cap-
turing the reaction substrate. More importantly, the
interfacial electronic interactions between LC and
CdS expand the light absorption range and promote
the photogenerated carrier separation of CdS. When
visible light is irradiated onto the composite, elec-
trons (e”) are excited from the valence band (VB) of
CdS to the conduction band (CB), while holes (4") are
left behind. Generally, most of the e~ and h"
recombine quickly without participating in any
chemical reactions, resulting in low reactivity [71].
Fortunately, LC with abundant sp® hybridized carbon
atoms is highly efficient in storing and shuttling
electrons, and the photoexcited e™ in CdS is trans-
ferred to LC due to the intimate contact between CdS
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CdS/LC photocatalyst

Figure 7 Possible mechanism for photocatalytic degradation of CIP and H, evolution over CdS/LC composite photocatalyst.

[72]. During photodegradation, 1™ in VB could react
with H,O or OH™ to form ¢OH, and e~ on CB are
easily to react with O, absorbed on its surface to form
¢, . OH and ¢0O, " are also involved in the oxida-
tion reaction of CIP [46]. On the other hand, in the
photocatalytic hydrogen production process, e” in
the composite could react with H" through the co-
catalyst Pt nanoparticles to produce H, [73-75], while
I in the VB can react with lactic acid to produce H,O
and CO, [5, 76-79]. Combining several important
advantages, the CdS/LC composite presents excel-
lent photocatalytic efficiency for the photodegrada-
tion of CIP and the evolution of photocatalytic Ho.

Conclusion

To sum up, LC with irregular flower-like structure
was prepared by simple carbonization method, and
then the uniform fixation of CdS nanoparticles in LC
was achieved by in situ growth. Due to the interfacial
electronic interactions between CdS and LC, the
CdS/LC composite photocatalyst exhibits extended
optical absorption and enhanced photogenerated
carrier separation. In addition, the irregular flower-
like structure has multiple advantages such as lay-
ered structure providing high mass transfer effi-
ciency, enhanced light-harvesting capability and
good stability. Therefore, the CdS/LC composites

exhibit excellent photocatalytic efficiency and recy-
clability for the photodegradation of CIP (98% within
60 min irradiation) and photocatalytic hydrogen
evolution (234.7 pmol in 4 h) compared to pristine
CdS. This study LC was cleverly designed and fab-
ricated to address the shortcomings of CdS, provid-
ing a feasible strategy for the practical application of
CdS. This research work provides a novel available
pathway for lignin utilization, enabling high-quality
utilization of lignin.
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