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Abstract
Semiconductors are promising photocatalysts for the use of sunlight in energy conversion and environmental remediation. To this
end, various synthetic pathways have been proposed to increase their photocatalytic efficiency, catalytic stability, recycle, and
reuse. In this work, mixed phase CdS nanoparticles were loaded on the surface of activated biomass carbons to prepare composite
photocatalysts via hydrothermal syntheses, which were further applied to photocatalytic degradation of rhodamine B (RhB)
under visible irradiation. The composite photocatalysts displayed considerable specific surface area (up to 672 m2 g−1) and
suitable band gap energy of ca. 2.1 eV. Due to the excellent light adsorption ability and chemical stability, these composite
photocatalysts exhibited excellent photocatalytic capacity toward RhB degradation under visible irradiation. Moreover, the
photocatalytic stability was also demonstrated by cyclic experiments, by which the composite photocatalysts retained over
80% of the initial catalytic activity after 4 consecutive runs.
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Introduction

The advance of practically applicable photocatalysts for the
effective use of solar energy has attracted enormous research
attention in environmental remediation (Xiang et al. 2012;
Xue et al. 2015; Panneri et al. 2017), in view of the unprece-
dented demands on sustainable resources and renewable en-
ergy supplies (Dai et al. 2012; Poizot and Dolhem 2011; Aricò

et al. 2005). In this context, a number of semiconductors have
shown great potentials as viable photocatalysts due to their
suitable band gap energies, of which the cadmium sulfide
(CdS) is particularly efficient in visible light–driven
photocatalyses (Ning et al. 2016; Li et al. 2015; Dai et al.
2014; Chen et al. 2010). However, the practical usage of CdS
has been largely restricted by serious photocatalytic instability
and deactivation related to the photocorrosion (Zhang et al.
2005; Apte et al. 2012; Han et al. 2011). In this circumstance,
material supports might become necessary for the separation
of photogenerated carriers (electrons and holes) during
photocatalysis. Moreover, favorable adsorption and accessi-
bility of organic substrates on surfaces of material supports
are achieved, coupled to the possible interplay between sub-
strates and catalytically active sites, which may largely facil-
itate photocatalytic reactions (Fang et al. 2017).

Biomass carbons (BCs), known also as biochar, are readily
fabricated from the pyrolysis of agricultural and gardenwastes
at high temperature (Singh et al. 2012) and have been devel-
oped as one of the key strategies for the sequestration and
transportation of carbon, as well as the production of renew-
able energy (Woolf et al. 2010; Harvey et al. 2012; Rawal
et al. 2016). At the same time, BCs are regarded as efficient
and eco-friendly remediation materials due to their superior
adsorption capacity derived from the high specific surface
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area and porosity, hierarchical porous structures, abundant
surface functional groups and mineral compositions
(Bunmahotama et al. 2017; Su et al. 2016; Huggins et al.
2016). In the light of the prominent property of BCs, specific
research attention has also been focused on the interplay with
supported nanoparticles (NPs), further to investigate the syn-
ergic effects at interfaces, aiming at functional optimization of
NPs. Furthermore, the BCs are intrinsically adaptable to cou-
ple with nanoparticles (NPs) of metals and metal oxides/sul-
fides, by which their capability in contaminant treatment is
largely enhanced due to the optimization of pore structure
and functionality, as well as the implantation of potential ac-
tive sites (Liu et al. 2011; Zhao et al. 2008; Jang et al. 2008).

In this work, biomass carbons were used as photocatalyst
carriers by means of loading mixed phase CdS semiconduc-
tors (mp–CdS) at the surfaces by applying a hydrothermal
method to prepare composite materials. The composite
photocatalysts were fully characterized and applied for the
degradation of rhodamine B (RhB) in aqueous phases.
Specifically, the composite photocatalysts inherited high spe-
cific surface areas and developed porous structures from acti-
vated BCs (1184 m2 g–1). It was demonstrated that band gaps
of the composite photocatalysts (ca. 2.1 eV) were consider-
ably decreased by contrast to the mp–CdS precursor (2.2 eV).
The photocatalytic degradation of RhB was evaluated and the
mp–CdS@BC–2 exhibited the highest degradation efficiency
(κ = 2.7 × 10–2 min–1) which was 3-fold that of the mp–CdS
precursor (κ = 9.1 × 10–3 min–1). Moreover, the mp–
CdS@BC–2 showed excellent catalytic stability in cyclic ex-
periments, in which more than 80% of the initial photocata-
lytic activity was remained after four cycles.

Experimental section

Materials

Cadmium acetate dihydrous [Cd(CH3COO)2·2H2O],
thioacetamide, ethanediamine, potassium hydrate (KOH),
and RhB were purchased commercially as analytical reagents.

Reaction solutions and stock solutions were prepared using
deionized water supplied with a UPT–I–5T ultrapure water
system.

Preparation of biomass activated carbon

The biomass carbons (BCs) were prepared according to the pro-
cedure reported in the literature (Huang et al. 2018). BCs defined
pyrolysis and activation via KOH corrosion at 600 °C. Activated
BC samples were collected to wash with diluted hydrochloric
acid (HCl, 0.1 M) until the filtrates were approximately neutral,
which were dried in oven at 70 °C for further use.

Preparation of composites with mixed phase CdS
through hydrothermal reactions

Composite-based biomass activated carbon and mixed phase
CdS (mp–CdS) were prepared from modified hydrothermal
r e ac t i on s ( a s shown in Scheme 1 ) . Typ i ca l l y,
Cd(CH3COO)2·2H2O (533 mg, 2.0 mmol) was added in
ethanediamine (60 mL) under magnetic stirring, and
thioacetamide (105 mg, 1.4 mmol) was introduced after
Cd(CH3COO)2·2H2O was completely dissolved and stirred
continuously for 1 h. The above solution, after blending with
certain amount of as-prepared activated BCs, was transferred
and sealed in a solvothermal autoclave and reaction tempera-
ture was increased to 180 °Cwith a heating rate of 1.0 °Cmin–
1 and kept in oven for 5 h. After slow cooling to room tem-
perature, the solid sample was washed with ethanol for three
times and collected by centrifugation and dried overnight in
oven (50 °C). Samples prepared with the addition of 200, 300,
and 400 mg BCs were denoted as mp–CdS@BC–1, –2, –3,
respectively.

Characterization of mp–CdS@BC composites

Scanning electron microscopy (SEM) images were obtained
by using a JSM6700–F working at 10 kV. Transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM)
images were recorded by using an FEIT 20working at 200 kV.

Scheme 1 Schematic reaction
pathway of mp–CdS@BC
synthesis and photocatalysis
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Powder X–ray diffraction (PXRD) were carried out on a
Miniflex 600 diffractometer with Cu Ka radiation (λ = 0.154
nm). N2 adsorption/desorption isotherms and Brunauer–
Emmett–Teller (BET) surface area measurements were ob-
tained on aMicromeritics ASAP 2460 instrument. The diffuse
reflectance spectra (DRS) were recorded in the range of
200 nm to 800 nm on a Shimadzu UV–2600 UV–vis spectro-
photometer with BaSO4 as the background.

Photocatalytic reaction

Photocatalytic reactions were carried out under the illumina-
tion of a 300WXearc lamp (PLS-SXE300C, Beijing) and 420
and 780 nm cutoff filters were implemented to ensure visible
light illumination. The light intensity was tested to be in the
range of ca. 2320~2350 Candela. In a typical photocatalytic
reaction, 5 mg of composite photocatalyst and 100 mL RhB
solution (10 ppm) was added in a Pyrex glass vessel (200 mL)
with simultaneous shaking. The above mixture was left for
60 min in dark then exposed to visible light. Photocatalytic
experiments were monitored by UV–vis measurements of the
characteristic absorbency of RhB after certain time of inter-
vals. Degradation efficiency was estimated by the following
equation:

D ¼ C=C0 � 100%

where D, C0, and C represented the degradation efficiency,
initial, and tested characteristic absorbency of RhB, respec-
tively. Rate constant (κ) was estimated by the following equa-
tion:

ln C0=Cð Þ ¼ κt

Photocatalyst stability test

Cycling reactions were performed to test the stability of com-
posite photocatalyst. Between two consecutive runs of a

cycling reaction, the photocatalyst was recovered by centrifu-
gation and washed with ethanol for three times until UV ab-
sorbance of the filtrates was nearly invisible, and dried at 50
°C in oven. At the end of a cycling reaction, the photocatalyst
was separated, washed, and dried as stated above and used for
further XRD measurements.

Results and discussion

Characterization of mp–CdS@BC composites

Porosity and surface area

Material porosity is one of the key factors that decide the adsorp-
tion affinity and capacity. Therefore, the N2 adsorption–
desorption isotherms of BC and mp–CdS@BC–n (n = 1, 2,
and 3) were recorded, which revealed hybrid type I/IV isotherms
and showed dominant microporosity (Fig. 1). The specific sur-
face area of BC support was calculated to be ca. 1184 m2 g–1,
whereas those for mp–CdS@BC–n was in the range of 455 and
672 m2 g−1 (Table 1). The rational decrease in BET of mp–
CdS@BC–nwas attributable to the loading of CdS nanoparticles
(NPs) that partially blocked pores of BC supports. The CdS
loading in mp–CdS@BC–n was determined to be 47.3%,
39.9%, and 27.3%, respectively, according to the elemental anal-
yses and ICP measurements (Table 1).

Crystallinity and morphology

Surface morphology of the mp–CdS@BC–2, as a representa-
tive material, was investigated by means of the scanning elec-
tron microscopy (SEM) and transmission electronmicroscopy
(TEM) techniques. The SEM image exhibited clear domains
of mp–CdS being deposited on BC surfaces (Fig. 2a). TEM
image identified rod–shaped and cluster nanoparticles, which
were assigned to the cubic and hexagonal phases of CdS NPs
(Fig. 2b; Fig. S1; ESI). The lattice spacing of rod-like and
cluster-like CdS was measured in the HRTEM images (Fig.

Fig. 1 N2 adsorption/desorption
isotherms (a) and pore size distri-
bution (b) of BC and mp–
CdS@BC–n (n = 1, 2, and 3)
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2c, d). The lattice spacing of 0.336 and 0.356 nm, correspond
to the (1 1 1) lattice plane of cubic CdS and the (1 0 0) lattice
plane of hexagonal CdS, respectively. The PXRD patterns of
mp–CdS@BC–n were nearly identical to the mp–CdS precur-
sor with diffraction characteristics that were fully indexed to
the cubic (JCPDS 10–0454) and hexagonal (JCPDS 41–1049)
CdS (Fig. 2e) (Dai et al. 2014; Li et al. 2016). Moreover, the
mp–CdS@BC–n showed significantly better crystalline than
that of the mp–CdS.

Light adsorption capacity and thermal stability

It was known that mixed phase CdS generally displayed high
catalytic efficiency (Dai et al. 2014; Li et al. 2016) and com-
posite photocatalysts could further facilitate the catalytic ac-
tivity through the introduction of porous material supports.
Therefore, UV–vis DRS (Fig. 3a) and TGA (Fig. S2a; ESI)
analyses of mp–CdS@BC–n were performed to evaluate their
light adsorption capacity and thermal stability related to the
possible applicability as viable photocatalysts. In comparison
with the mp–CdS, UV–vis DRS of mp–CdS@BC–n exhibit-
ed red-shifted absorption bands (Fig. 3a), which indicated
improved light harvesting capacity of the mp–CdS@BC–n

composite photocatalysts (Matos et al. 2001; Apte et al.
2012). The favorable visible irradiation for mp–CdS@BC–n
was also reflected by the band gap narrowing by contrast to
that for mp–CdS (ca. 2.1 eV versus ca. 2.2 eV; Fig. 3b). The
reduced band gap energy indicated enhanced interactions or
the interface contacts between CdS and BC supports (Wu et al.
2017; Jing et al. 2017), and thus strong interfacial interactions
or more surface contacts might exist in the mp–CdS@BC–n
composite photocatalysts.

Degradation of RhB

Degradation effects

The photocatalytic capacity of mp–CdS and mp–CdS@BC–n
nanocomposites were evaluated by RhB degradation in aque-
ous solutions under visible light irradiation (Fig. 3c).
Photocatalysts were first immersed in RhB solutions for 1 h
to reach the equilibrium of adsorption/desorption in dark (Fig.
S3; ESI), and photocatalytic reactions were carried out there-
after. The mp–CdS@BC–1 (ca. 68.7%) exhibited similar pho-
tocatalytic efficiency to the mp–CdS (ca. 65.3%) precursor in
2 h, whereas mp–CdS@BC–2 (> 95.0%) and mp–CdS@BC–
3 (ca. 84.2%) showed considerably higher catalytic ability.
These results matched well with the UV–vis DRS analyses
due to the reduced band gap energy of composite
photocatalysts. Meanwhile, the catalytic ability of the com-
posite photocatalysts followed the order of mp–CdS@BC–1
< mp–CdS@BC–3 < mp–CdS@BC–2. Of special notice, the
mp–CdS@BC–2, displaying moderate BET surface area and
band gap energy, possessed the highest photocatalytic effi-
ciency. Moreover, it was also possible that excessive sulfur
elements were doped into the material photocatalysts and

Table 1 Elemental analysis and BET of BC and mp–CdS@BC–n (n =
1, 2, and 3)

Samples Contents (%)
SBET
(m2 g–1)C H S Cd

mp–CdS@BC–1 27.3 1.6 10.3 36.8 455

mp–CdS@BC–2 34.3 1.7 9.2 31.0 615

mp–CdS@BC–3 42.5 1.9 6.3 21.2 672

Fig. 2 Typical SEM (a), TEM (b), HRTEM (c, d) images of mp–CdS@BC–2; and (e) PXRD patterns of mp–CdS (black) and mp–CdS@BC–n (n = 1,
red; 2, blue; and 3, grayish green)
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contribute to the overall visible light–driven catalytic process-
es, as indicated by the elemental analyses (Table 1). In order to
quantify the reaction kinetics of RhB degradation in this cur-
rent work, the pseudo-first-order model was employed to cal-
culate rate constant (κ) of the photocatalytic reactions (Fig.
3d) (Ning et al. 2016; Li et al. 2006). The mp–CdS@BC–2
showed the highest photocatalytic efficiency (κ = 2.7 × 10–2

min–1) whichwas approximately 3-fold that of the mp–CdS (κ
= 9.1 × 10–3 min–1). These results indicated that BCs might
play a vital role for the enhanced RhB degradation efficiency
(Huang et al. 2018).

Stability and reusability

In general, stability and reusability of the photocatalysts are
key factors deciding their practical applications. For this pur-
pose, cycling reactions of RhB degradation were performed to
verify the photostability and reusability of mp–CdS@BC–2. It
was investigated that the mp–CdS@BC–2 composite
photocatalyst could retain more than 80% of the initial

photocatalytic ability at the end of four consecutive runs, as
shown in Fig. 4a. The decrease of catalytic efficiencymight be
caused by particle the aggregation and deactivation of CdS
(Fig. S4; ESI), and possible insignificant loss of
photocatalysts during the recover processes. PXRD patterns
were recorded after cycling reactions and the recycled mp–
CdS@BC–2 displayed identical characteristics to those iden-
tified for the as-prepared sample (Fig. 4b). These results con-
firmed the structural and crystalline stability of composite
photocatalysts upon the introduction of BC supports that
may greatly favor the stabilization of mp–CdS NPs.

Probable reacting mechanism

Radicals generated during photocatalysis, such as h+, •OH
and O2•

−, can play distinguishable roles for the degrada-
tion of organic pollutants (Wang et al. 2014). Therefore,
the degradation efficiency was tested to recognize the ef-
fects of different radicals using various scavengers.
Significant decreases on the photocatalytic efficiency of

Fig. 3 UV–vis DRS spectra (a),
K–M plots (b), RhB degradation
efficiency (c), and plot of ln (C0/
C) as a function of irradiation time
for mp–CdS and mp–CdS@BC–
n (n = 1, 2, and 3) (d)

Fig. 4 (a) Photocatalytic
efficiency of mp–CdS@BC–2 in
recycling reaction of RhB
degradation and (b) PXRD of as-
prepared and recycled mp–
CdS@BC–2 samples
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mp–CdS@BC–2 were discovered upon addition of tert–
butyl alcohol (TBA), benzoquione (BQ), and ammonium
oxalate (AO), which are typical scavengers for •OH, O2•

−,
and h+ radicals, respectively (Meng et al. 2011).
Specifically, BQ exhibited the strongest quenching effects
toward photocatalytic reactions, which was considerably
superior to AO and TBA. These results suggested O2•

−

radicals were likely dominant active species, whereas h+

and •OH radicals played relatively minor roles (Fig. 5).
Visible light–driven photocatalysis in this system might

be initiated by the fast generation and separation of
photogenerated carriers (h+, e–), rationalized by electron
transfer from the VB to CB of CdS (Bera et al. 2015). The
highly reductive e– takes part in the formation of a series
of active species including •OH and O2•

− radicals, of
which OH• is initiated via a complex process involving
the reduction of H2O2 generated by O2•

− species. The
oxidative h+, •OH and O2•

− attack organic substrates
and degrade RhB into secondary and final products
(H2O and CO2). Meanwhile, the presence of microporous
BC supports effectively increases the accumulation of
RhB molecu l e s on su r f a ces o f the compos i t e
photocatalysts. The accumulated RhB are consequently
photodegraded via accepting active species from the com-
posite photocatalysts.

Conclusion

In summary, a series of composite photocatalysts have
been prepared through the deposition of mixed phase
CdS (mp–CdS) nanoparticles (NPs) on surfaces of activat-
ed biomass carbons (BCs). The mp–CdS@BC composite
photocatalysts have been applied for efficient RhB degra-
dat ion under vis ible irradiat ion. The composi te
photocatalysts have displayed reduced band gap energy
and considerable specific surface area, which are superior

for their excellent light adsorption ability and RhB accu-
mulation. The photocatalytic degradation of RhB has been
evaluated and the mp–CdS@BC–2 exhibits the highest
degradation efficiency which was about 3-fold that of
the mp–CdS precursor. Moreover, the mp–CdS@BC–2
also demonstrates excellent catalytic stability in cyclic
experiments. This study provides a facile and effective
pathway for the preparation of viable visible light–
driven photocatalysts. Future study focusing on the size
effect of mp–CdS NPs is currently underway.
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