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a b s t r a c t

Realizing efficient charge separation and directional transfer is a challenge for single-component semi-

conductors. The spatial electric field generated by dipole moment could promote charge separation. Here,

three-dimensional hierarchical CuCo2S4 microspheres with lattice distortion were prepared, and lattice

distortion was modulated by changing feed Co/Cu molar ratios in synthesis. CuCo2S4 showed asymmetric

crystal structure, leading to generation of dipole moment. The charge separation efficiency of CuCo2S4
was related to lattice distortion, and lattice expansion was in favor for charge separation. The CuCo2S4
with feed Cu/Co molar ratio of 1:4 (CCS-4) showed the maximum lattice expansion and exhibited the

highest photocatalytic activity, which was attributable to the highest charge separation efficiency and the

largest specific surface area. CCS-4 can remove 95.4% of tetracycline hydrochloride within 40min pho-

tocatalysis, and effectively improve the biodegradability of pharmaceutical wastewater. Importantly, this

study provides a new vision for constructing single-component photocatalysts with high photocatalytic

performance.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics have been massively produced, and are widely used

in treatment of bacterial infections in animals and humans, lead-

ing to their emission to environment matrixes [1–4]. Shockingly,

antibiotics have been ubiquitously detected in rivers, lakes, oceans

and even in drinking water, which pose unpredictable risks to eco-

logical environment and human health due to the reproduction of

antibiotic-resistant bacteria and genes [5–9]. To aim at eliminat-

ing antibiotics in aquatic environment, various approaches such as

activated sludges [10,11], microfiltration [12,13], adsorption [14,15]

and photocatalysis have been proposed [16–20]. Among them, pho-

tocatalysis has received considerable interest owing to its incom-

parable advantages of easy operation, high performance and low

cost [21–25]. The photocatalytic process includes three main steps:

light energy absorption, photogenerated charge separation and sur-

face reaction. The photocatalytic activity is directly affected by

light absorption and effective separation of photogenerated charges

[26–30]. Nevertheless, traditional single-component photocatalysts

usually suffer from low utilization of solar light, disordered mi-

gration and easy recombination of photogenerated charge carri-

∗ Corresponding authors.

E-mail addresses: dengfang40030@126.com (F. Deng), lxbicf@126.com (X. Li).
1 These authors contributed equally to this work.

ers on spatial scale [31–35]. Accordingly, the key issue is how to

design single-component photocatalyst with high visible-light re-

sponse and efficient separation of photogenerated charge carriers.

It is well known that dipole moment in tetrahedral or octahe-

dral structure of oxide unit plays an important part in photocat-

alytic process, because internal electric field formed by dipole mo-

ment is conducive to separation of photogenerated electrons (e−)
and holes (h+) [36]. For example, deformed TiO6 octahedron in the

pentagonal prism tunnel and zigzag layer structure of BaTi4O9 will

generate dipole moment, which effectively promotes separation

and migration of photogenerated e− and h+ [37]. Such structure-

activity relationship also holds for other oxide or nitride semicon-

ductors with crystal unit of tetrahedron or octahedron [38]. Lattice

distortion and resulted dipole moment can be achieved through

strain in piezoelectric materials, such as MoS2 [39,40] and BaTiO3

[41], and some studies indicate that lattice distortion also has cer-

tain effect on charge separation, and influences the creation of ac-

tive catalytic centers [42]. However, rational design of dipole mo-

ment and lattice distortion of semiconductor, and the role of lattice

distortion in regulation of photocatalytic activity are still highly

controversial [43]. Therefore, it is very meaningful to explore how

dipole moment and lattice distortion influence the reactivity for

the development of high-performance photocatalysts.

https://doi.org/10.1016/j.cclet.2022.04.066

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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CuCo2S4 is a ternary transition metal sulfide with cubic spinel

structure (space group Fd-3m), in which Cu and Co occupy the

tetrahedral and octahedral sites, respectively [44,45]. It has been

drawn extensive attention as an efficient photocatalyst due to its

better electrochemical performance, higher electrical conductivity

and stability than the corresponding ternary metal oxides and bi-

nary metal sulfides [46]. More interestingly, its cubic spinel struc-

ture provides a potential to have dipole moment by avoiding over-

lapping of positive and negative charge centers, which could create

internal electric field for driving bulk and surface charge separation

[47]. In addition, the effect of lattice shrinkage and expansion on

the photocatalytic properties of CuCo2S4 remains unclear.

Herein, three-dimensional hierarchical CuCo2S4 microspheres

with asymmetric crystal structure were prepared, and lattice dis-

tortion was modulated by changing the feed Co/Cu molar ratio

in synthesis. Lattice distortion in CuCo2S4 can be discovered by

theoretical calculation and moiré fringes in high-resolution trans-

mission electron microscopy (HRTEM), and a qualitative analysis

through modeling illustrates that CuCo2S4 has polar surface. The

charge separation efficiency and photocatalytic activity were signif-

icantly enhanced via lattice expansion. The systematical study on

dipole moment and lattice distortion has important realistic signif-

icance for understanding the intrinsic driving force of charge sep-

aration and regulating photocatalytic activity of single-component

photocatalysts.

One-step solvothermal synthesis of CuCo2S4. 1mmol

CuCl2·2H2O, 6mmol thiourea and 2mmol CoCl2·6H2O were

added to 60mL mixture solvent of ethylene glycol and ultrapure

water (volume ratio=1:1), and was stirred at ambient conditions

for 40min. The mixed solution reacted in 100mL stainless steel

Teflon-lined autoclave at 180 °C for 24h. The obtained black pow-

der was collected, purified with absolute ethanol and deionized

water, and dried at 60 °C. This product with feed Co/Cu molar ratio

of 2:1 was marked as CCS-2. Similarly, CuCo2S4 samples with feed

Co/Cu molar ratios of 3, 4 and 5 were marked as CCS-3, CCS-4 and

CCS-5, respectively.

The visible-light photocatalytic performance of CuCo2S4 was

studied by degrading tetracycline hydrochloride (TC) in a reactor

with reflux condensing unit under the irradiation of 300W xenon

lamp (PLS-SXE300, Beijing Perfectlight) with 400nm cut-filter. The

experimental procedure is listed as follows: a certain amount of

CuCo2S4 was added to 100mL TC solution, and the suspension

was placed in a dark box under continuous magnetic stirring for

40min to ensure adsorption equilibrium. Then the suspension was

irradiated with visible light. At interval of 20min, 3mL of sus-

pension was taken out from reactor, and was instantly filtered

with 0.22 μm filter to obtain a clear filtrate. The TC concentration

change in filtrate was monitored using UV–vis spectrophotometer

(Hitachi, Japan) at λ=357nm. The intermediates of TC were ana-

lyzed by high-performance liquid chromatography-mass spectrom-

etry (HPLC-MS).

The mineralization of TC was carried out by adding 250mg

CuCo2S4 in 100mL of 50mg/L TC. The operating procedures were

the same as the above. The filtrate was diluted 5 times with deion-

ized water, and then analyzed on Shimadzu TOC-L total organic

carbon (TOC) analyzer.

The active species were detected by adding isopropyl alco-

hol (IPA), triethanolamine (TEOA) and p-benzoquinone (BQ) to the

above photocatalytic system as the trapping agents of hydroxyl

radicals (•OH), hole (h+) and superoxide radicals (O2
•–), respec-

tively. The operating procedures were the same as the above.

The electron spin resonance (ESR) procedures was as follows:

10mg CuCo2S4 samples were dispersed in 5mL deionized wa-

ter or methanol solution in sonic oscillator, then 200 μL of dis-

persion was taken out and mixed with 100 μL of 100mmol/L

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) solution, and then ana-

lyzed using ESR spectrometer under visible light and in absence of

light.

The application of CCS-4 in pharmaceutical wastewater was car-

ried out, and the operating procedures were essentially the same

as mineralization experiment of TC. The clear filtrate was diluted

100 times, and then analyzed on Shimadzu TOC-L total organic car-

bon analyzer. The COD of filtrate was determined according to ref-

erence [48].

The crystal structure of CuCo2S4 with different feed Co/Cu mo-

lar ratios in synthesis was analyzed using powder X-ray diffraction

(XRD) (Fig. S1a in Supporting information). The diffraction peaks

at 26.6°, 31.3°, 38.0°, 47.0°, 49.9° and 54.8° can be ascribed to the

(022), (113), (004), (224), (115) and (044) planes of CuCo2S4 cubic

spinel phase (JCPDS No. 42–1450). The diffraction peak intensity of

CuCo2S4 with a normal stoichiometric ratio is higher than that of

cobalt-rich CuCo2S4, which is probably due to the superimposition

of fluorescent X-rays generated by Co element on the background

of diffraction pattern [49].

The chemical composition and atomic bonding state of CuCo2S4
were further analyzed by X-ray photoelectron spectroscopy (XPS).

The characteristic peaks of Cu, Co and S elements appear in the

XPS survey spectra (Fig. S1b in Supporting information). Moreover,

the peaks of C and O elements were also observed due to adsorbed

oxygen and organic sulfur precursor. In high-resolution XPS spectra

of Co 2p, two characteristic peaks of Co 2p, Co 2p2/3 and Co 2p1/2

were observed, of which the Co3+ doublet is located at 778.8 and

794.0 eV with a fission value of 15.2 eV, and the Co2+ doublet is

located at 781.4 and 797.8 eV with a fission value of 16.4 eV [50].

In addition, two satellite peaks of Co 2p were observed at 785.5

and 802.8 eV (Fig. S1c in Supporting information). The peaks of Cu

2p1/2 and Cu 2p3/2 are located at 952.4 and 932.6 eV, respectively.

Moreover, the satellite peak of Cu 2p was observed at 956.2 eV (Fig.

S1d in Supporting information). The binding energies of S 2p peak

at 161.3 eV (2p3/2) and 162.4 eV (2p1/2) indicate that the valence of

S is −2 (Fig. S1e in Supporting information). The satellite peak of

S 2p at 168.9 eV indicates that S has a strong interaction with the

oxygen adsorbed on the surface.

Micro-morphologies of CuCo2S4 (CCS-2 and CCS-4) were ob-

served using SEM and TEM (Fig. 1). CCS-2 and CCS-4 consist of

three-dimensional hierarchical microspheres with uniform size of

Fig. 1. (a) SEM image of CCS-2. (b, c) SEM images of CCS-4 at different magnifica-

tions. (d-f) Elemental mapping micrograph of CCS-4. (g) TEM of CCS-4. (h) HRTEM

of CCS-4. (i) N2 adsorption-desorption isotherms of CuCo2S4 with different feed

Cu/Co molar ratios.
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Fig. 2. (a) Photocatalytic degradation of TC by CuCo2S4 with different Cu/Co molar ratios under visible light irradiation, (b) fitting curves of first-order reaction kinetics and

(c) first-order reaction rate constant. (d) TOC removal of TC with photocatalytic time (the initial concentration of TC: 50mg/L). (e) Stability of CCS-4.

about 10μm, and there are many pores on their surface. The el-

ement mapping of CCS-4 confirms even distribution of S, Co and

Cu elements in the sample. TEM images further illustrate porous

microsphere of CCS-4. In the HRTEM image of CCS-4, the lattice

fringes with distances of 0.23 and 0.16nm are consistent with

(004) and (044) planes of CuCo2S4, respectively (Fig. 1h). The

above results indicate successful synthesis of three-dimensional

CuCo2S4 hierarchical microspheres.

The pore structure and surface area are important parame-

ters for adsorption and catalysis. The isothermal curves of all the

CuCo2S4 samples (Fig. 1i) belong to type IV, and exhibit H3 type

hysteresis loop, indicating their mesoporous structure. The pore

size distribution mainly ranges from 2nm to 50nm (Fig. S2 in Sup-

porting information). The surface areas of CCS-2, CCS-3, CCS-4 and

CCS-5 are 8.59, 10.49, 22.20 and 17.40 m2/g, respectively (Table S1

in Supporting information). The pore parameters were also listed

in Table S1.

The photocatalytic condition was optimized (Fig. S3 in Sup-

porting information), and the visible-light photocatalytic perfor-

mance of CuCo2S4 with different feed Cu/Co molar ratios was

evaluated by degrading TC under the optimal experimental condi-

tions (50mg photocatalysts, 10mg/L TC solution at initial pH 4.65).

All the CuCo2S4 samples showed high adsorption capacity for TC,

which could be attributed to many obvious micropores on the sur-

face of the microspheres. The photocatalytic activity of CCS sam-

ples increased as followed: CCS-2 (78.1%) < CCS-3 (81.7%) < CCS-5

(94.4%) < CCS-4 (95.4%), indicating that the feed Cu/Co molar ra-

tios in the synthesis have great influence on photocatalytic perfor-

mance of CuCo2S4. The photocatalytic activity of CCS-5 (94.4%) is

almost the same as that of CCS-4 (95.4%), which is probably due to

the similar separation of photogenerated charge carriers, and sim-

ilar adsorption capacity for TC (Fig. 2a). TC concentration did not

change after 60min in case of CCS-4 and CCS-5, thus the kinetic

data for TC degradation within 60min were fitted using first-order

reaction kinetics equation (Eq. 1, Fig. 2b) [51]

ln

(
C0
C

)
= kt (1)

where C0 is initial concentration of TC, C is the TC concentration

sampled at time t, and k is the first-order reaction rate constant.

The regression curves of ln(C0/Ct) versus t indicated that TC degra-

dation by photocatalysis of CuCo2S4 can conform with first-order

reaction kinetics equation [52,53]. The k values of TC degradation

over CuCo2S4 samples can be determined from the slope of fit-

ting lines from −40min to 60min, and the k values were listed in

Fig. 2c. Compared with the reported CuCo2S4-based photocatalysts

[54–56], the CuCo2S4 with lattice expansion in this study shows

excellent photocatalytic activities (Table S2 in Supporting informa-

tion). Moreover, the CuCo2S4 samples in this study can be compa-

rable to other photocatalysts such as TiO2 and g-C3N4 (Table S2)

[50,57–59].

As the reaction goes on, the intensity of the absorption peak at

358.4 nm decreases. Moreover, there is red-shift of the maximum

absorption peak position (Fig. S4 in Supporting information), indi-

cating the formation of intermediate products. The degradation in-

termediates of TC were analyzed by HPLC-MS (Fig. S5 in Support-

ing information). According to HPLC-MS analysis, TC degradation

followed two possible pathways. TC underwent the detachment of

N-methyl group, dehydroxylation, deamination, addition reaction

and ring-opening reaction to generate intermediates during pho-

tocatalytic process (Fig. S6 in Supporting information), and partial

intermediates were further degraded and mineralized to CO2 and

H2O, which was supported by TOC results. With the photocatalysis

going on, TOC value of TC solution generally decreased, and TOC

removal efficiency reached 47.6% after 400min photocatalysis by

CCS-4 (Fig. 2d). The toxicity of tetracycline and its intermediates

was analyzed by ECOSAR software (Table S3 in Supporting infor-

mation). Overall, the toxicity was sharply reduced with the photo-

catalysis going on.

To test the stability of CuCo2S4, four cyclic runs of TC degra-

dation over CCS-4 were carried out. CCS-4 did not show obvious

decrease of photocatalytic activity in TC degradation after four re-

peated runs, indicating high stability of CCS-4 (Fig. 2e).

The establishment of structure-activity relationship will fa-

cilitate discovering insights into photocatalytic mechanism of

CuCo2S4, thus the relationship among specific surface area, light

absorption characteristics, charge separation and photocatalytic ac-

tivity were systematically investigated. The photocatalytic activity

of CuCo2S4 samples with different feed ratios of Co/Cu has similar

change trend with their specific surface area (Fig. S7a in Support-

ing information), indicating that large specific surface area is a pos-

itive factor for photocatalytic degradation of TC. CuCo2S4 samples
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have visible light absorption, and CCS-4 has the strongest light re-

sponse among these samples (Fig. S7b in Supporting information).

The band gap energy (Eg) of CuCo2S4 can be calculated using Tauc

formula (Eq. 2):

(αhν)
2 = A(hν − Eg) (2)

where α and v are the absorption coefficient and light fre-

quency, respectively. h is Planck constant. The Eg values were de-

termined by prolonging the linear part of (αhv)2 versus hv curves

to (αhv)2 =0 (Fig. S7c in Supporting information). The redox ability

of photocatalysts is affected by valence band (VB) and conduction

band (CB) position, thus the CB and VB of CuCo2S4 were deter-

mined according to Mott-Schottky curves and calculation. Accord-

ing to the positive slope of the linear part of Mott-Schottky curves

(Fig. S7d in Supporting information), CuCo2S4 samples are n-type

semiconductor. The flat band potential (Vfb) values vs. EAg/AgCl can

be determined by extrapolating the linear part to C−2 =0. The

ECB and EVB can be calculated using following equations: Vfb (vs.

NHE)=Vfb (vs. Esaturated Ag/AgCl)+0.2; ECB =Vfb (vs. NHE) – 0.1 [60];

ECB = EVB – Eg, and the related parameters were summarized in

Table 1.

The charge separation of CuCo2S4 was characterized by pho-

toluminescence (PL) and photocurrent. The PL decreased with the

following order: CCS-2 > CCS-3 > CCS-5 > CCS-4 (Fig. S8 in Sup-

porting information). The lowest PL intensity of CCS-4 indicated

its lowest photogenerated e−-h+ recombination rate in all samples,

which was conducive to the improvement of photocatalytic perfor-

mance. Photocurrent also can reflect separation degree of photo-

generated e− and h+, thus the photocurrent intensity of CuCo2S4
with different feed Co/Cu molar ratios was determined (Fig. S7e in

Supporting information). All the CuCo2S4 samples had significant

photocurrent response, and the photocurrent intensity of CuCo2S4
samples increased with following order: CCS-4 > CCS-5 > CCS-3

> CCS-2. The highest photocurrent intensity of CCS-4 indicated the

highest separation efficiency of photogenerated e− and h+. The de-

cay in photocurrent of CuCo2S4 with time is probably due to its

unstable sensitivity to light. The electrochemical impedance spec-

tra (EIS) are important tools for studying charge transfer dynam-

ics [61,62]. The smaller arc radius of impedance spectrum indi-

cated more efficient transfer of photogenerated e−-h+ pairs. The

impedance arc radius of CuCo2S4 decreased as followed: CCS-4 >

CCS-5 > CCS-3 > CCS-2 (Fig. S7f in Supporting information). The

smallest arc radius of CCS-4 further indicated the fastest charge

transfer speed. The highest photocatalytic performance CCS-4 can

be attributed to the largest specific area, the strongest visible-light

absorption, and the most efficient separation and transfer of pho-

togenerated e− and h+.
Studies have shown that single-component semiconductor usu-

ally exhibits unsatisfactory photocatalytic performance owing to

ineffective separation of photogenerated e− and h+. In fact, pure

CuCo2S4 (CCS-4 and CCS-5) samples show excellent visible-light

photocatalytic performance in our study. Despite the structure,

light absorption, and charge separation and transfer have been

identified as important factors for the excellent photocatalytic per-

formance of CuCo2S4, one fundamental question still remains mys-

terious: What kind of crystal configurations of CuCo2S4 that pre-

Table 1

Eg, ECB and EVB values of CuCo2S4 samples.

Samples Eg (eV) Vfb vs.

Esaturated Ag/AgCl (V)

Vfb vs.

NHE (V)

ECB (eV) EVB (eV)

CCS-2 1.58 −0.55 −0.35 −0.45 1.13

CCS-3 1.52 −0.51 −0.31 −0.41 1.11

CCS-4 1.40 −0.58 −0.38 −0.48 0.92

CCS-5 1.88 −0.54 −0.34 −0.44 1.44

dominates structure, light absorption, and charge separation and

transfer?

To reveal the mystery, crystal structure of CuCo2S4 was ana-

lyzed. The CuCo2S4 has a spinel cubic crystal structure accord-

ing to XRD analysis. The crystal structure model of CuCo2S4 and

four possible end structure models on the (113) crystal plane were

constructed using Diamond drawing software. The lattice structure

of CuCo2S4 is shown in Figs. S9a and b (Supporting information).

CuCo2S4 belongs to space group of cubic Fd-3m. Copper atoms

occupy the tetrahedral sites, and cobalt atoms occupy octahedral

sites. The unit cell parameters of CuCo2S4 samples with different

feed Cu/Co molar ratios were calculated based on the characteristic

parameters of cubic crystal structure [63], the interplanar spacing

formula [64] and the Bragg equation (Eqs. 3–6) [65]:

a = b = c, α = β = γ = 90◦ (3)

d = a√
h2 + k2 + l2

(4)

2d sin θ = nλ (5)

a = λ

2 sin θ

√
h2+k2+l2 (6)

where a, b and c are the edge lengths of unit cell; α, β and γ
are the angles of intersection between the edges, d is the distance

between the crystal planes, (hkl) is the crystal face index, n is the

number of reflection orders, θ is the angle between the incident

ray and crystal plane and λ is the X-ray wavelength. The average

grain size (D) of CuCo2S4 samples with different feed Co/Cu molar

ratios were calculated using Scherrer formula (Eq. 7) [66]:

D = kλ

B cos θ
(7)

where k, B and θ is the Schiller constant (the general value is 0.89),

half-height width of the diffraction peak and the diffraction angle,

respectively. The calculated unit cell parameters and average grain

size of CuCo2S4 samples with different feed Co/Cu molar ratios

were listed in Table 2. As is seen from Table 2, the lattice constants

of CuCo2S4 samples can be regulated via nonstoichiometric con-

trol, and the lattice constants of CuCo2S4 increased with increasing

Co/Cu molar ratio from 2 to 4, and then decreased with further in-

creasing Co/Cu molar ratio. The CCS-4 sample has the largest lat-

tice constant. The cell parameters (a=9.485 Å) of CCS-4 are larger

than that in previous report (a=9.482 Å) [67] and that of standard

cubic CuCo2S4 (a=9.474 Å) [68]. According to the above analysis,

we envisaged lattice distortion of CuCo2S4. Thereby, the relation-

ship between change rate of lattice constant and the reciprocal of

average grain size (1/D) was studied. The rate of change of lattice

constant was calculated using the following Eq. 8:

Rate of change = a − a0
a0

× 100% (8)

where a is the lattice constant of CuCo2S4 samples, and a0 =9.474.

Fig. S9c (Supporting information) shows the relationship between

the rate of change of lattice constant and 1/D. The values of rate

Table 2

Cell parameters, lattice distortion (δd/d), lattice constant change rate and average

grain size (D) of CuCo2S4 samples.

CuCo2S4 a b c δd/d (a-a0)/a0 D (nm)

CCS-2 9.461 9.461 9.461 −0.013 −0.13 29.8

CCS-3 9.473 9.473 9.473 −0.107 −0.01 26.4

CCS-4 9.485 9.485 9.485 0.017 0.11 20.9

CCS-5 9.480 9.480 9.480 0.052 0.06 25.7

4
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Fig. 3. HRTEM images of CCS-2 (a), CCS-3 (b) and CCS-4 (c) with corresponding

selected area electron diffraction (SAED) in the lower left corner. (d-f) The enlarged

images of the selected area in (a-c).

of change versus 1/D of CCS-4 and CCS-5 are larger than 0, indi-

cating lattice expansion of CCS-4 and CCS-5, while those of CCS-2

and CCS-3 are less than 0, indicating lattice shrinkage of CCS-2 and

CCS-3. As shown in Fig. S9d (Supporting information), the photo-

catalytic activity of CuCo2S4 is in tune with the lattice distortion.

CuCo2S4 with larger lattice expansion shows higher the photocat-

alytic activity. Contrarily, the larger lattice shrinkage leads to lower

photocatalytic activity.

The lattice distortion (δd/d) was also calculated using the fol-

lowing Eq. 9 [69]:

δd

d
= β(2θ )

4 tan θ
(9)

where β(2θ ) is the width of the 2θ diffraction peak. The calcu-

lated δd/d values were summarized in Table 2. The δd/d values of

CCS-2 and CCS-3 are less than 0, which are manifested as lattice

shrinkage. The δd/d values of CCS-4 and CCS-5 are greater than 0,

manifesting lattice expansion.

To further confirm the existence of lattice distortion, the lat-

tice distortion of CuCo2S4 was characterized by HRTEM along with

selected area electron diffraction (SAED). In Figs. 3a and b, some

local lattice distortions in the moiré fringes were observed. In the

enlarged images of the area (Figs. 3c and d) marked by arrows in

Figs. 3a and b, we can observe lattice distortion in a continuous di-

rection [70]. In Figs. 3e and f, there is no obvious lattice fringe de-

formation. The above analysis indicated that CCS-2 and CCS-4 have

lattice distortion, while CCS-3 has no obvious lattice distortion.

As far as the structure of the photocatalyst is concerned, the

particle size and dipole moment will affect the separation effi-

ciency of photogenerated e−-h+ pairs. The small particle size is

beneficial to reduce the migration distance of charge carriers, and

the dipole moment is conducive to reduce the e−-h+ recombina-

tion rate [71]. CCS-4 has the smallest granularity (Table 2). The

most direct way to know whether a material has a dipole mo-

ment is to see whether its structure has a polar surface. In short,

the polar surface depends on whether the internal atomic struc-

ture is symmetrical [72]. Here, a qualitative analysis on whether

CuCo2S4 has polar surface was conducted through modeling. As

shown in Fig. S10 (Supporting information), four possible termi-

nal structures on the CuCo2S4 (113) surface were constructed. The

atomic structure of Cu terminal, Co terminal and two S terminal

models is asymmetrical (Figs. S10a–d), and the atomic structure

of the multilayer terminal structure is also not symmetrical (Fig.

S10e). The asymmetrical structure is enough to prove that the sur-

face of CuCo2S4 (113) is polar, and CuCo2S4 have an inherent dipole

Fig. 4. (a) The effect of different scavengers on the photocatalytic degradation of

TC by CCS-4. (b) ESR spectrum of h+ captured by TEMPO. (c) ESR spectrum of O2
•–

captured by DMPO. (d) ESR spectrum of •OH captured by DMPO.

Scheme 1. Possible photocatalytic mechanism of CuCo2S4 in degradation of TC pol-

lutants under visible light.

moment. Because CuCo2S4 itself has an inherent dipole moment,

the occurrence of lattice distortion in CuCo2S4 will only affect its

dipole [73]. The synergistic effect of internal dipole moments and

lattice expansion explains why CCS-4 shows the highest charge

separation efficiency and photocatalytic activity.

In order to explore the active species in TC degradation by pho-

tocatalysis of CCS-4, trapping experiment and electron spin reso-

nance (ESR) were carried out. As shown in Fig. 4a, under visible-

light irradiation, the degradation efficiency of TC was 95.4% in ab-

sence of sacrificial agents. After adding IPA, there is no change of

TC degradation efficiency. The addition of triethanolamine (TEOA)

and p-benzoquinone (BQ) in photocatalysis system leads to signif-

icant decline in TC degradation efficiency. Based on the results of

trapping experiment, it can be inferred that h+ and O2
•– are ma-

jor active species in degradation of TC. In the ESR spectra, three

characteristic signal peaks of TEMPO-h+ were observed (Fig. 4b).

The peak signal intensity is the highest under dark conditions,

but the intensity decreases with the increase of irradiation time,

which is similar to the reported studies [74]. No DMPO-O2
•– peaks

are observed in the dark, while the characteristic signal peaks of

DMPO-O2
•– are observed and the peak intensity enhances with

time of visible light irradiation (Fig. 4c). The characteristic signal

peaks of DMPO-•OH were also observed under visible light (Fig.

4d), while •OH cannot be detected in the trapping experiment. Ac-

cording to the reactive species in the photocatalysis, energy band

structure, lattice distortion and dipole moment, possible photocat-

alytic mechanism of CCS is inferred as followed (Scheme 1): Un-
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der visible light, lattice distortion and dipole moment drive sep-

aration and transfer of e− and h+. The CB position (−0.44 eV) of

CCS is more negative than the standard redox potential of O2/O2
•–

(−0.33 eV vs. NHE), thus the photogenerated e− in CB has ability

to react with oxygen to generate O2
•–. The EVB (0.92 eV) of CCS-

4 is lower than the standard redox potential of •OH/OH– (1.99 eV

vs. NHE), thus the photogenerated h+ in VB cannot oxidize OH− to

generate •OH. The DMPO-•OH peaks in ESR may put down to the

formation of •OH radicals via the route of O2
•–→H2O2→•OH, and

the reaction equations are as follows (Eqs. 10–12) [75]:

O2 +2e− →O2
•– (10)

O2
•– +2e− +2H+ →H2O2 (11)

H2O2 + e− → •OH+OH− (12)

The practical applicability of CuCo2S4-based photocatalytic

technology was evaluated in pharmaceutical wastewater from

Jiangxi Chemedir Biopharm-Tech. Co., Ltd. As depicted in Fig.

S11a (Supporting information), the COD value decreased from

60,500mg/L (initial concentration) to 11,500mg/L, and the

TOC value dropped sharply from the initial concentration of

18,280mg/L to 7465mg/L. The COD and TOC removal efficiency

of pharmaceutical wastewater reached 81.0% and 59.2% after

11h visible-light photocatalysis, respectively (Figs. S11c and

d in Supporting information). The satisfactory COD and TOC

removal efficiency indicated universal applicability of the pro-

posed CuCo2S4-based photocatalytic technology. To estimate the

biodegradability enhancement of pharmaceutical wastewater by

CuCo2S4-based photocatalytic technology, the carbon oxidation

state (COS) and average oxidation state (AOS) change of pharma-

ceutical wastewater were studied during photocatalytic process.

High COS and AOS values indicate high degree of reduction of

organic matter (CH4) and carbon oxidation (CO2), respectively. COS

and AOS were calculated according to the following Eqs. 13 and

14:

COS = 4 − 1.5

[
COD

TOC0

]
(13)

AOS = 4 − 1.5

[
COD

TOC

]
(14)

where TOC0 is the initial TOC concentration of pharmaceutical

wastewater. The COS and AOS values keep increasing with photo-

catalysis going on (Fig. S11e in Supporting information), indicating

that CuCo2S4-based photocatalytic technology can effectively im-

prove the biodegradability of pharmaceutical wastewater.

In summary, three-dimensional hierarchical CuCo2S4 micro-

spheres with asymmetric crystal structure were successfully pre-

pared, and the lattice distortion of single-component CuCo2S4 was

modulated by changing the feed Co/Cu molar ratio in synthesis.

The relationship among lattice distortion, charge carrier separation

and photocatalytic activity was established, and it was found that

lattice expansion can promote charge carrier separation and boost

photocatalytic performance. The optimized CCS-4 showed the max-

imum lattice expansion, and exhibited the highest photocatalytic

activity with 95.4% of TC removal within 40min photocatalysis, and

maintained its photocatalytic stability in consecutive cycles. Addi-

tionally, CCS-4 can effectively remove COD and TOC of pharmaceu-

tical wastewater, leading to biodegradability improvement of phar-

maceutical wastewater. Importantly, this work inspires a new strat-

egy for constructing single-component photocatalysts with perfect

performance.
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