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Abstract
While metal oxides are conventionally proposed for activating monopersulfate (MPS)
to degrade refractory contaminants, metal sulfides have recently gained increased
attention for MPS activation because these sulfides exhibit more reactive redox
characteristics to enhance the catalytic activation of MPS. The present study attempts
to develop a novel material comprised of metal sulfides with 3D hierarchical
nanostructures to activate MPS. Specifically, a 3D hierarchically structured catalyst
was fabricated by growing CuCo-layered double hydroxide (LDH) on nickel foam (NF),
followed by direct sulfurization, affording Cu/CoS@NF (CCSNF). CCSNF could
exhibit a unique morphology of floral bunches comprised of nano-needles, residing on
the NF surfaces. Compared with its precursor, CuCo-LDH@NF, oxide analogue, and
CuCo204@NF, CCSNF possessed superior physical and chemical properties, including
larger surface area and pore volume, higher current density, and lower charge transfer
resistance. These features render CCSNF a much more effective catalyst than CuCo-
LDH@NF and CuCo204@NF for activating MPS to degrade Rhodamine B (RB). In
particular, RB degradation by CCSNF-activated MPS required an activation energy
only 26.8 kJ/mol, which is much lower than the reported values. The activation
mechanism and degradation pathway of RB degradation by CCSNF-activated MPS
were investigated and validated through experimental evidences and density function

theory calculations.
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1. Introduction
Refractory organic pollutants discharged from various industries into the environment
pose great risks to the ecology in view of their toxicity, carcinogenicity, and even
mutagenicity. Various treatments have been proposed for eliminating these pollutants,
and advanced oxidation processes (AOPs) are consistently considered as useful
methods for the quick and effective elimination of contaminants from water [1, 2].
AOQOPs are typically associated with various reactive oxygen species (ROS), such
as hydroxyl radical ("OH) and sulfate radical (SO4™). Although "OH-induced AOPs
have been extensively employed, SOs -induced AOPs have recently gained great
attention for degrading refractory contaminants [3] because SO4~ exhibits higher
oxidation power (i.e., 2.5-3.1 V), as well as a longer half-life, compared with "OH [4].

Monopersulfate (MPS) is a favorable precursor for generating SO4™ because this
substance is inexpensive and environmentally friendly [5]. However, MPS requires
“activation” for facilitating SO4™ generation. MPS can be activated via several methods,
among which the catalytic activation of MPS by transition metals, such as copper (Cu),
cobalt (Co), and iron (Fe), is one of the most useful approaches [6-10]. Therefore, these
metal ions are commonly employed for activating MPS. Unfortunately, the
homogeneous characteristics of these metal ions render them challenging to recover
from water [11-21].

Although metal oxides have been proposed as heterogeneous alternatives for
activating MPS, metal sulfides have recently gained increased attention as
heterogeneous catalysts for activating MPS because these sulfides could exhibit more
reactive redox characteristics to enhance the catalytic activation of MPS [22-25].
However, studies on the use of metal sulfides for activating MPS to degrade refractory
contaminants are still very limited. More importantly, because the structures of

heterogeneous catalysts predominantly control their catalytic activities, catalysts with
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hierarchical nanostructures are expected to exhibit larger contact surface areas and
surficial reactivity for catalytic applications [26-28]. Therefore, this study attempts to
develop a novel catalyst comprised of metal sulfides with 3D hierarchical
nanostructures to activate MPS.

To this end, the present study proposes the construction of nanoscale metal sulfides
on 3D nickel foam (NF) because NF can provide hierarchical structures to support and
distribute nanoscale metal sulfides. Moreover, NF is an easy-to-use macroscale material
that is easily implemented and recovered. Especially, an even more hierarchical
structure is produced by adopting CuCo-layered double hydroxide (LDH) bearing a
unique morphology of floral bunches comprised of nano-needles as a precursor. This
CuCo-LDH is particularly grown on NF as such a CuCo-LDH can be easily transferred
into Cu/Co sulfides through one-step sulfurization [29]. Such a strategy allows Cu/Co
sulfides shaped as nano-needles assembled as floral bunches to be loaded on NF to form
the desired 3D hierarchical macro-porous catalyst, Cu/Co sulfide@NF (CCSNF).
Given its many favorable properties, CCSNF may be an advantageous heterogeneous
catalyst for activating MPS to degrade refractory contaminants.

To date no such a catalyst has yet been developed for MPS activation. Thus, the
present study would be the first study to investigate catalytic activities of CCSNF.
CuCo-LDH@NF (CCHNF) and its oxide analogue, CuCo,O4@NF, which were
derived from the calcination of CCHNF, were also tested and compared with CCSNF
for MPS activation. Specifically, a carcinogenic dye, Rhodamine B (RB), was selected
as a representative refractory, toxic, and widely detected contaminant [30, 31] to
evaluate the MPS activation ability of these catalysts. Experimental and theoretical
studies of RB degradation by CCSNF-activated MPS were then conducted to further
provide insights into the behaviors and mechanisms of the catalyst for MPS activation

and RB degradation.



2. Experimental

A schematic illustration of the process of CCSNF fabrication is shown in Fig. 1. NF
was used as a 3D macroscale substrate for growth of CuCo-LDH. Calcination to afford
the as-derived CCONF or sulfurization to afford CCSNF could then be performed.
Details of the preparation, characterization, and experimental protocols of RB

degradation can be found in the supporting information.

. CuCo-LDH@NF CuCo,0,@NF CulCoS@NF
Nickel Foam (NF) (CCHNF) (CCONF) (CCSNF)

Fig. 1. Schematic illustration of the catalyst preparation process, and the corresponding photos.



3. Results and Discussion

3.1 Physical and chemical properties of CCSNF

As illustrated in Fig. 1, NF was first modified through the direct growth of CuCo-LDH
to afford CCHNF. Fig. 1 displays that the original metallic color of NF changed to
opaque gray, suggesting that the surface of NF had been modified. The SEM images
further reveal that the relatively smooth surface of NF (Fig. 2) was covered by needle-
like nanostructures, which were assembled as floral bunches. Fig. 3(a) indicates that the
XRD pattern of the original NF, which included three characteristic peaks of the (111),
(200), and (220) planes of Ni. Additional peaks at 11.4°, 22.7°, 33.3°, and 60.6°
corresponding to the (003), (006), (012), (0.15), and (113) planes of typical LDH [32,
33] were also observed, thus verifying the formation of LDH.

As shown in Fig. 1, calcination of CCHNF in air caused the opaque gray NF to
darken to black. The SEM images in Figs. 2(g-1) further reveal that the original
morphology of floral-like assembly of the nano-needles was still retained. The
corresponding XRD pattern of the calcined product of CCHNF exhibited strong peaks
at 18.9°, 31.0°, 36.7°, 38.2°, 55.3°, 59.3°, and 65.1°, which were well-indexed to
CuCo0204 (JCPDS#01-1155). These findings confirm the transformation from CuCo-

LDH to CuCo020s.



Fig. 2. SEM images of (a-c) NF, (d-f) CCHNF, (g-1) CCONF, and (j-1) CCSNF.



On the other hand, when CuCo-LDH was sulfurized, as shown in Fig. 1, the floral bunch
comprised of nano-needles (Fig. 2(j)) was also perserved, and the NF surface remained
completely covered by these floral bunches. However, a higher-magnification view of
these bunches unveiled that the original sword-like nano-needles had become fluffy
with thin films wrapping up the nano-needles. The XRD pattern of the sulfurized CuCo-
LDH (Fig. 3(a)) further reveals that the disappearance of the original peaks of CuCo-
LDH and the appearance of a number of peaks in the range of 20° ~ 60°; these peaks
can be indexed to Cu,S and CoS; and indicate the original CuCo-LDH had been
successfully sulfurized to obtain Cu/Co sulfides@NF (CCSNF). Fig. 4 also validates
that the signals of Cu, Co, and S were evenly distributed over NF, confirming that the

NF surface was fully and uniformly covered by Cu/Co sulfides.
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Fig. 4. Elemental mapping analysis of CCSNF: (a) Scanned region, (b) Cu, (c) Co, and (d) S.

As CCSNF exhibited a hierarchical configuration, its textural properties were
analyzed by using N> sorption isotherms (Fig. 3(b)). For comparison, the N> sorption
isotherms of pristine NF, CCHNF, and CCONF are shown in Fig. 3(b). The pristine
material featured smooth surfaces, so its N> sorption amount was fairly low. The
specific surface area of this material was only 7.2 m?/g, and its pore volume was 0.0050
cc/g. When CuCo-LDH was fabricated onto NF to form CCHNF, the N> sorption
capacity of the material noticeably increased and a hysteresis loop was observed, thus
suggesting the existence of mesopores that may have been derived from the floral
bunches of nano-needles. The specific surface area of CCHNF was much higher (i.e.,
21.9 m?%/g) than that of the pristine material, and its total volume was 0.0335 cc/g.
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Moreover, when CuCo-LDH was calcined to convert hydroxides to oxides, the
corresponding N> sorption amount was considerably boosted, resulting in a much
higher specific surface area of 72.6 m*/g with pore volume of 0.0700 cc/g. This
indicates that calcination expanded the structure of CuCo-LDH to create more
micropores and mesopores as shown in Fig. 3(c). On the other hand, when CuCo-LDH
was sulfurized, instead of being calcined, the resulting Cu/CoS@NF (CCSNF) also
exhibited remarkable N> sorption capacity and the hysteresis loop could be observed,
thereby indicating the presence of mesopores (Fig. 3(c)). This finding demonstrates that
sulfurization could also substantially modify CuCo-LDH to endow it with a large
contact surface area of 76.0 m?/g and porous structure with a pore volume of 0.072 cc/g.

As shown in Fig. 5, the electrochemical properties of the catalysts were examined
by using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Fig. 5(a) clearly indicates that CCSNF exhibited a much higher current density and
reductive capability than CCONF and CCHNF. This finding suggests that the electron
transfer processes between MPS and the catalysts would be more significantly
enhanced in CCSNF than in CCONF and CCHNF. Furthermore, the Nyquist plot of
CCSNF exhibited a much smaller arc radius compared with those of CCONF and
CCHNEF, thus confirming that CCSNF possessed a much lower charge transfer
resistance than the latter materials. These characterizations indicate that CCSNF
exhibits much more advantageous features than its precursor, CCHNF, and oxide

analogue, CCONF, to activate MPS for RB degradation.
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Fig. 5. (a) CV curves, and (b) EIS plots of NF, CCHNF, CCONF, and CCSNF.

The surface chemistry of CCSNF was further examined by electron spectroscopy.
Fig. 6(a) shows the Cu2p spectrum of CCSNF, in which two signature peaks of Cu at
932.9¢V (i.e., Cu2pi) and 952.8 eV (i.e., Cu2ps2). Specifically, these peaks have been
correlated with Cu® [34]. The Co2p spectrum displayed in Fig. 6(b) shows several
noticeable peaks can be detected at 778.0 and 781.1 eV, which correspond to Co2ps3»
and at 794.1 and 797.0 eV, which correspond to Co 2pi2; these peaks collectively
suggest the presence ofCo2+ [35]. The S2p spectrum was then analyzed (Fig. 6(c)) and
two underlying peaks were found at 162.0, and 163.1 eV, corresponding to S2p3,» and
S2p3sp, respectively [35]. Fig. 6(d) also reveals the Ni2p spectrum of CCSNF, which
exhibited a series of typical peaks derived from the modified NF. In particular, the
peaks in the range of 852 - 868 eV were ascribed to the Ni2p3» of NiO, whereas the

peaks in the range of 870 - 884 eV were attributed to Ni2pi12[36].
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3.2 RB degradation by MPS: Comparisons among various catalysts

Evaluation of the catalytic activities of CCSNF, CCONF, and CCHNF must begin by
assessing the RB degradation capacity of MPS itself to obtain critical baseline
information. Fig. 7(a) shows that addition of MPS alone to the RB solution leads to

hardly any dye degradation, specifically, C//Cy at 60 min was 0.98, indicating that MPS



itself without activation was incapable of degrading RB. Furthermore, addition of
CCHNF resulted in rapid RB degradation and C/Cy approached zero after 60 min,
showing that CCHNF could activate MPS to degrade RB. When CCONF was added to
MPS, RB was also quickly eliminated and completely removed after 60 min. Especially,
the degradation kinetics of CCONF appeared to be much faster than that of CCHNF,
indicating that CCONF possesses a comparatively higher catalytic activity for
activating MPS to degrade RB. When CCSNF was added to the reaction system, RB

degradation proceeded even faster and Ci/Cy reached zero within 45 min.
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Fig. 7. (a) Degradation curves, and (b) rate constants of RB using MPS activated by

various materials (Catalyst = 100 mg/L, MPS = 100 mg/L, T =30 °C).

The degradation kinetics of the different catalysts were quantified by adopting the
pseudo first-order rate law C, = C, exp(—kt) [37], where k represents the pseudo first
order rate constant (min™!). This equation has been extensively adopted in many similar
studies to calculate the rate constants of pollutant degradation. The corresponding rate
constants are summarized in Fig. 7(b). The k values of RB degradation by CCHNF,

CCONF, and CCSNF were 0.0493, 0.0564, and 0.1077 min', respectively. This

14



comparison clearly indicates that CCSNF possessed much higher catalytic activities
than either CCONF or CCHNF for activating MPS to degrade RB.

In addition to RB, three other toxic dyes, namely Acid Red 27 (AR), Methyl
Orange (MO), and Methylene Blue (MB), were selected and tested to compare the
catalytic activities of CCSNF, CCONF, and CCHNF for MPS activation. Figs. 8 (a)
and (b) show the AR degradation profiles of the three catalysts; here, CCSNF
substantially outperformed CCONF and CCHNF for activating MPS to degrade AR.
Figs. 8(c) and (d) reveal the MO degradation by the three catalysts, and CCSNF
exhibited a tremendously higher & compared with CCONF and CCHNF for MO
degradation. Similarly, Figs. 8(e) and (f) display the MB degradation using the three
catalysts, and CCSNF enabled the complete elimination of MB within 45 min, while
CCONF and CCHNF could not achieve complete removal of MB even after 60 min.
These results confirm that CCSNF certainly had a much higher catalytic activity than
the two other catalysts.

The excellent catalytic activities of CCSNF could be attributed to a number of its
advantageous features. First, compared with the other catalysts, CCSNF exhibited
superior textural properties on account of its nano-needles wrapped with thin films to
create more contact surfaces. Second, CCSNF possessed the higher current density and
reductive capability and lower charge transfer resistance compared with CCONF and

CCHNEF for facilitating reactions with MPS.
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On the other hand, because Co304 is a benchmark heterogeneous catalyst for MPS
activation, commercial Co3O4 nanoparticles were tested for comparison with CCSNF.
Fig. 8(a) shows that Co3O4 could activate MPS to degrade RB, however, Ci/Cy of RB
at 60 min by Co3O4 was 0.6, and the corresponding k was merely 0.008 min™'. These
findings demonstrate that CCSNF exhibited much higher catalytic activities than the
commercial Co30Os nanoparticles for activating MPS and validate the superior

properties of the proposed catalyst.

3.3 Effects of CCSNF and MPS concentrations on RB degradation
Further examination of the effects of the concentrations of CCSNF and MPS on RB
degradation was conducted and the results are shown in Fig.9(a). The initial
concentrations of CCSNF were set to 50, 75, and 100 mg/L and the MPS concentration
was held constant at 100 mg/L. Complete elimination of RB was achieved within 60
min at all CCSNF concentrations tested, indicating that even a low concentration of
CCSNF of 50 mg/L is capable of activating MPS to eliminate RB completely.
However, the degradation process proceeded much faster at higher CCSNF
concentrations. The k values of CCSNF were 0.0486, 0.0614, and 0.1077 min™' at 50,
75, and 100 mg/L, respectively (see the inset in Fig. 9(a)). These results indicate that
higher concentrations of CCSNF considerably enhanced the degradation kinetics of the

catalytic system as more active sites are present in the solution to speed up the reaction.
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pH on the degradation and rate constants of RB degradation using MPS activated by

CCSNF (Catalyst = 100 mg/L, MPS = 100 mg/L, T = 30 °C).

In another set of experiments, the initial MPS concentrations were set to 50, 75,
and 100 mg/L. amd the concentration of CCSNF was held constant at 100 mg/L. Fig.
9(b) shows that a low concentration of MPS of 50 mg/L could lead to incomplete
degradation of RB, with the k value of only 0.0176 min™! (as shown in the inset). When
the concentration of MPS increased from 50 mg/L to 75 mg/L and 100 mg/L, the

degradation rate remarkably increased to 0.0530 and 0.1077 min™!, respectively. These
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results suggest that MPS concentration is crucial to the degradation process and that

sufficient MPS is required to enable the complete elimination of RB.

3.4 Effects of temperature and pH on RB degradation

Fig. 9(c) reveals RB degradation by CCSNF-activated MPS at various temperatures.
RB could be completely eliminated at temperatures ranging from 30 °C to 50 °C. RB
degradation also seemed to proceed much faster at higher temperaturesthan at lower
ones. The corresponding & increased substantially from 0.1077 at 30 °C to 0.1508 at 40
°C and 0.2084 min™ at 50 °C (Fig.9(c) inset), thus validating the positive effect of
elevated temperatures on the reaction.

The relationship between the reaction kinetics and temperature was further
assessed using the Arrhenius equation, In k= In 4 — E./RT, where E, is the activation
energy (kJ/mol) of RB degradation. The plot of //T versus In £ is illustrated in the inset
in Fig. 9(c). The data were well fitted by linear regression with R> = 0.999. Moreover,
the calculated E, was 26.8 kJ/mol, which is much lower than many of the £, values
reported for RB degradation, as summarized in Table S2. These results indicate that
CCSNF exhibited much higher catalytic activities compared with other reported

catalysts.

Because RB degradation and MPS activation are aqueous reactions, the solution
pH may be a critical parameter affecting these processes. Thus, the effect of pH on RB
degradation was investigated. Fig. 9(d) shows that RB degradation was noticeably
limited in a weakly basic environment at pH of 9, and the corresponding & dropped
from 0.1077 min™' at pH = 7 to 0.0769 min™' at pH = 9. This adverse effect became
more pronounced in a highly basic environment (i.e., pH = 11). These findings suggest

that a highly basic environment is detrimental to RB degradation, likely because MPS
19



tends to decompose without producing SO4™ in basic environments [38, 39]. Therefore,
insufficient SO4™ for RB degradation was obtained. A basic environment also tends to
render the surface of CCSNF more negatively charged due to the accumulation of OH™
as revealed in the zeta potential results shown in Fig. S1. Negatively charged surfaces
intensify electrostatic repulsion and restrain contact between SO4*~ and CCSNF.

RB degradation was slightly affected by acidic environment (i.e., pH =5), and &
decreased to very small values. Indeed, when the pHof the RB solution was set to 3, the
dye was barely eliminated. This finding may be attributed to the high stability of MPS
in acidic environments, which prohibits its activation [39]. These aforementioned
results of RB degradation at various pH values also indicate that the optimal pH for RB

degradation by CCSNF and MPS is a neutral condition (i.e., pH = 7).

3.5 Effects of textile dyeing additives and Recyclability of CCSNF

Since Rhodamine B (RB) is extensively employed in textile dyeing industries, we
further simulated how RB would be degraded by CCSNF-activated MPS in effluents
from textile dyeing industries. Especially, as several additives would be adopted during
textile dyeing processes, such as salts containing chloride (CI"), bicarbonate (HCO3"),
and nitrate (NO3") ions [40, 41], the effects of these ions on RB degradation are then
also investigated.

When chloride ion was present, RB degradation was slightly influenced as the rate
constant changed from 0.1077 to 0.0705 min-1. This was possibly due to the fact that
CI” would react with radicals (e.g., SO4™), and become chloride radicals which exhibit
less oxidation power than SO4", thereby leading to the slower degradation process [42].

Nevertheless, RB was still completely degraded in the presence of Cl".
20



On the other hand, RB degradation was also influenced in the presence of
bicarbonate ion as the corresponding k decreased to 0.0463 min™!. However, as C//Cy at
60 min was 0.05, RB could be still effectively degraded using CCSNF-activated MPS.
Besides, when nitrate ion was present in the RB solution, RB degradation was also
noticeably affected as its corresponding k became 0.0386 min™! with C/Cy at 60 min =
0.08. These results indicate that > 90% of RB would be still eliminated by CCSNF-
activated MPS when typical additives in textile dyeing effluents were present.

Additionally, reusability is an important consideration in the practical applications
of a catalyst. In this work, the recyclability of CCSNF was investigated. Fig. 10(a)
reveals the RB degradation profiles of CCSNF reused for five cycles. The profiles
clearly show that RB was quickly and completely eliminated in each cycle. This finding
indicates that spent CCSNF remains catalytically active and it can be reusable. Fig.
10(b) illustrates the XRD pattern of the spent CCSNF, which was comparable to that
of the pristine CCSNF. On the other hand, the stability of CCSNF was additionally
examined by determining metal concentrations (Cu, Co, and Ni) in RB solutions during
the recyclability test using inductively coupled plasma mass spectrometry as listed in
Table S2. After the 5 cycles of RB degradation, the concentrations of these metals in
the solution were almost negligible (Cu: not detected, Co: 0.01 mg/L, and Ni: 0.02 mg/L)
in comparison to the catalyst dosage added (i.e., 100 mg/L). These results confirm that
CCSNEF is a reusable and durable heterogeneous catalyst for activating MPS to degrade
RB. These results confirm that CCSNF is a reusable and durable heterogeneous catalyst

for activating MPS to degrade RB.

21



@, (b). e
0.8 ;
8 gadcoemezes [Bad Used
L\?O.G 2 - SSTZSSsesl IR COSNF IR
3) n
04 E
£
0.2 S J o Pristine
A . % CCSNF L
0.0
: ' : : ' ' ' 10 20 30 40 50 60 70 80
0 50 100 150 200 250 300 2 theta (degree)
t (min)

Fig. 10. (a) Recyclability of CCSNF for RB degradation
(Catalyst =100 mg/L; MPS =100 mg/L; T = 30 °C), (b) XRD pattern of the spent

CCSNF.

3.6 Proposed mechanism of RB degradation by CCSNF-activated MPS

The degradation mechanism of CCSNF for activating MPS was investigated. In general,
activation of MPS produces SO4™, which could then be transformed into other ROS.
Specifically, SO4 reacts with H>O to generate hydroxyl radicals, “OH, via the reaction
of SO4~ + HoO — SO4* + 'OH + H' [43]. Therefore, ‘OH may contribute to RB
degradation. Superoxide ("O2") and non-radical-type ROS, 'O,, could also be derived
from MPS for degrading organic contaminants [44-46]. Therefore, it was crucial to
examine degradation mechanism of RB by CCSNF-activated MPS. To this end, the
effects of scavengers on the degradation reaction were examined by using various
reagents, namely, tert-butyl alcohol (BuOH), methanol (MeOH), benzoquinone (BQ),
and NaNjs, to determine their scavenging effects on ‘OH, SO4+~, ‘O2, and 'O,

respectively.
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Fig. 11. (a) Effects of scavengers on RB degradation using MPS activated by various
materials (Catalyst = 100 mg/L, MPS = 100 mg/L, T = 30 °C); EPR analyses using (b)
DMPO, (c) DMPO in MeOH, (d) TEMP; (e) Potential mechanism of RB degradation
by CCSNF-activated MPS.
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Firstly, when BuOH was adopted, RB degradation was modestly affected as &
decreased from 0.1077 to 0.0431 min™' (the inset in Fig. 11(a)), suggesting that ‘OH
might exist, but "OH seemed not the principle ROS for RB degradation. On the other
hand, once MeOH was employed as the scavenger, RB degradation was almost
completely inhibited (k was 0.0013 min™), signifying that SO4" also existed and played
an important role for RB degradation. Next, when BQ, and NaN3 were added, RB
degradation was considerably influenced, and their corresponding & values both became
much lower to 0.0208, and 0.0174 min™!, respectively. This implied that both ‘O~ and
10, also existed, derived from CCSNF-activated MPS, and participated in the RB
degradation.

To further elucidate ROS derived from CCSNF+MPS, electron spin resonance
analysis was then adopted in Fig. 11(b-d). At first, when 5,5-Dimethyl-1-Pyrroline-N-
Oxide (DMPO) was used as a spin-trapping agent, there was no significant signal in the
case of MPS itself. Nevertheless, once MPS and CCSNF were both present, a noticeable
pattern could be detected, attributed to the hyperfine splitting of oxidation adduct
products of DMPO-SO4, and DMPO-OH [47-49]. Additionally, the mixture of DMPO,
MPS, and CCSNF in methanol also revealed the pattern of sextet signal, which could
be attributed to the presence of "O> radical [50, 51], suggesting that ‘O, was also
present and contributing to RB degradation using CCSNF-activated MPS. On the other
hand, once 2,2,6,6-Tetramethylpiperidine (TEMP) was then adopted as a spin-trapping
agent in Fig. 11(d), and a distinct pattern of the triplet signal was obtained, ascribed to
2,2,6,6-Tetramethylpiperidinyloxy (TEMPO), confirming the occurrence of 'O, [52].
These results also validated that RB degradation by CCSNF-activated MPS could be
attributed to a number of ROS, such as SR, ‘OH, ‘O, and 'O as illustrated

schematically in Fig. 11(e).
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3.7 DFT calculation, and a potential degradation route for RB

To examine the potential degradation pathway of RB by CCSNF-activated MPS,
density functional theory (DFT) calculation was employed for looking into attack of
ROS on RB. The optimized structure of RB using DFT is then shown in Fig. 12(a) with
its HOMO, and LUMO orbitals displayed in Fig. 12(c). As the green, and red regions
represent electron-poor, and electron-rich regions of RB, the HOMO located on the
benzene ring would release electrons. Thus RB would be degraded by electrophilic
ROS. Fig. 7(b) summarizes Fukui indices of various reaction sites of RB. In general, a
site with a higher value of Fukui indices for electrophilic attack (Fukui(-)) indicates that
this specific site would undergo electrophilic attack more easily. As the site of “C6”
exhibits the highest value of Fukui(-) index than any other sites, it was the most possible
site of receiving radical attack. Thus, RB degradation would be possibly induced by the
breakage of the bond between benzoic acid and xanthene. Additionally, the electrostatic
potential distribution of RB (Fig. 12(d)) also indicates the region around “C6” would

attract the anionic ROS, leading to the breakage of bonds.
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Fig. 12. Natural bond orbital (NBO) analysis for RB: (a) RB molecule structure; (b)
condensed Fukui indices; (¢) HOMO and LUMO of RB; and (d) Electrostatic potential
(ESP)-mapped molecular surface of RB; (e) a potential degradation pathway of RB
degradation by CCSNF-activated MPS.
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To further identify the degradation pathway of RB by CCSNF-activated MPS,
degradation intermediates were then investigated using mass spectrometry, and
summarized in Table S2. According to these intermediates, a possible pathway of RB
degradation was proposed as Fig. 12(e). As mentioned earlier, degradation of RB would
be induced by the breakage of the bond between the benzoic acid group, and the
xanthene-containing component to generate two intermediates C1, and C2. The
resulting C1 (i.e., benzoic acid) would be then degraded to become C3 (phenol), and
subsequently C4 (benzoquinone), which might be further attacked to produce C5, and
eventually to CO2, and H>O. On other hand, C2 might be further decomposed to afford
C6 (xanthene), then undergo ring-opening reactions to become C7 (glutaric acid), and

eventually to CO», and H>O.

4. Conclusions

In this study, a unique 3D hierarchically-structured catalyst was fabricated by growing
CuCo-LDH on NF, followed by direct sulfurization, affording Cu/CoS@NF (CCSNF).
Especially, CCSNF could exhibit a special morphology of floral bunches comprised of
nano-needles, residing on the NF surfaces. In comparison to its precursor CCHNF, and
oxide analogue, CCOSNF, CCSNF possessed much more superior physical and
chemical properties, including higher surface area, pore volume, current density, and
lower charge transfer resistance. These features made CCSNF a much more effective
catalyst then CCHNF and CCONF for activating MPS to degrade the toxic
contaminants, such as RB, AR, MO, and MB. In particular, RB degradation by CCSNF-
activated MPS also led to the significantly lower E, of 26.8 kJ/mol than the reported
values. The activation mechanism as well as degradation pathway of RB degradation
by CCSNF-activated MPS was investigated and validated through experimental

evidences and DFT calculation to offer valuable insights into degradation behaviors for
27



developing SO4 -based processes of RB degradation using such a 3D hierarchical

Cu/CoS-containing catalyst.
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