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HIGHLIGHTS

« Nano-Worm-like Cu,S is uniformly
and well-dispersedly grown at Cu
Mesh (CSCM).

o CSCM has the macroscale practicality
as a mesh and the nanoscale
functionality as nanoworms.

« Comparisons are made to investigate
the structure-property relationship
of CSCM.

o CSCM exhibits the more superior
textural, electrochemical and
catalytic properties.

« CSCM also enables a lower Ea of
C4mim degradation than the reported
activation energies.
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GRAPHICAL ABSTRACT

ABSTRACT

The increasing consumption of room-temperature ionic liquids (RTILs) inevitably releases RTILs into the
water environment, posing serious threats to aquatic ecology due to the toxicities of RTILs. Thus, urgent
needs are necessitated for developing useful processes for removing RTILs from water, and 1-butyl-3-
methylimidazolium chloride (C4mimCl), the most common RTIL, would be the most representative
RTIL for studying the removal of RTILs from water. As advanced oxidation processes with hydrogen per-
oxide (HP) are validated as useful approaches for eliminating emerging contaminants, developing advan-
tageous heterogeneous catalysts for activating HP is the key to the successful degradation of C4mim.
Herein, a hierarchical structure is fabricated by growing Cu,S on copper mesh (CSCM) utilizing CM as
a Cu source. Compared to its precursor, CuO@CM, this CSCM exhibited tremendously higher catalytic
activity for catalyzing HP to degrade C4mim efficiently because CSCM exhibits much more superior elec-
trochemical properties and reactive sites, allowing CSCM to degrade C4mim rapidly. CSCM also exhibits a
smaller E, of C4mim elimination than all values in the literature. CSCM also shows a high capacity and
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stability for activating HP to degrade C4mim in the presence of NaCl and seawater. Besides, the mecha-
nistic investigation of C4mim elimination by CSCM-activated HP has also been clarified and ascribed to
OH and '0,. The elimination route could also be examined and disclosed in detail through the quantum
computational chemistry, confirming that CSCM is a useful catalyst for catalyzing HP to degrade RTILs.

© 2023 Published by Elsevier Inc.

1. Introduction

Room-temperature ionic liquids (RTILs) represent a novel class
of molten salts that can show liquid-like properties and behaviors
at ambient temperature [1-3]. Since RTILs exhibit almost no vapor
pressure at ambient conditions and superior thermal stability [4],
RTILs have been broadly applied not only as green solvents but also
as functional materials in biomass conversion, electrochemical
applications, and energy production [1,2]. Unfortunately, increas-
ing consumption of RTILs in various applications/processes has
released RTILs into many water bodies [5], threatening the aquatic
ecology and public health in view of the toxicities of RTILs [6].
Therefore, it is highly crucial to develop useful approaches for
removing the RTILs from the contaminated water.

In general, RTILs can be classified into two major groups based
on their cations: imidazolium and pyridinium. The relatively com-
mon imidazolium-based cations of RTILs include 1-ethyl-3-
methyl-, 1-butyl-3-methyl, and 1-octyl-3 methyl, whereas the rel-
atively popular pyridinium-based cations of RTILs include 4-
methyl-N-butyl-pyridinium and N-octylpyridinium. In addition,
tetraethylammonium and tetrabutylammonium both are also fre-
quent cations comprised in RTILs.

Among all these RTILs, imidazolium (mim)-bearing RTILs are
the most typical category [7-10]. These mim-based RTILs generally
contain the imidazolate and R4N* groups. Specifically, amidst
numerous mim-based RTILs, 1-butyl-3-methylimidazolium chlo-
ride (C4mimCl) is the most common mim-based RTILs, which has
been intensively studied as a representative RTIL [11-13]. Thus,
it would be important and practical to develop efficient methods
for treating C4mim-containing wastewater and eliminating
C4mim from polluted water.

While a few approaches have been evaluated for removing
C4mim, including sorption [14,15], filtration [16], as well as oxida-
tion [11,17-24], Oxidation appears as the most advantageous
approach for removing C4mim as oxidation processes would
decompose C4mim to reduce its negative impact [18,25]. To date,
a number of oxidation processes have been proposed for degrading
C4mim in water, such as Fenton’s reaction [18,20-23] and electro-
Fenton’s process [17]. These processes are typically performed by
the addition of hydrogen peroxide (HP) (i.e., H,0,) using homoge-
neous non-recyclable catalysts (i.e., Fe?*) or high electricity
demand, making these processes less practical. Therefore, it would
be desirable for developing heterogeneous catalytic processes for
activating HP to degrade C4mim. While metal nanoparticles
(NPs) have received great attentions as heterogeneous catalysts
for the activation of HP, NPs tend to agglomerate even in aqueous
environments, thus decreasing their catalytic activities for the acti-
vation of HP [26-29]. Moreover, NPs are difficult for recover after
applications, causing secondary pollutions. Therefore, it would be
more practical to immobilize nanoscale catalysts on macroscale
supports to create hierarchical catalysts, simultaneously possess-
ing nanoscale functionality and macroscale convenience. There-
fore, they appear as feasible and useful macroscale supports
because metal meshes are robust and porous, enabling the growth
of nanomaterials on their surfaces, and allowing fluids to go
through conveniently [30,31]. Among various metallic meshes,
copper (Cu) meshes (CMs) are common metal meshes at inexpen-
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sive costs [32]. CM can also serve as a source of Cu, which would be
further transformed into Cu-based catalysts for activating HP.

Thus, this study aims to develop a hierarchical composite cata-
lyst based on CM for activating HP to degrade C4mim. In particular,
since activation of HP involves redox behaviors of catalysts, Cu sul-
fides (i.e., Cu,S) are particularly chosen as the Cu-based species to
be grown directly on CM, forming a Cu,S@CM (CSCM) as Cu,S has
been validated to exhibit superior electrochemical properties
[33,34]. More importantly, for maximizing the reactive surface,
CM would be firstly oxidized to grow nanoneedles of Cu-oxide
on CM (COCM), which would offer larger surfaces and useful pre-
cursors for growing Cu,S. Interestingly, the resultant Cu,S derived
from the sulfidization of nanoneedles of Cu-oxide would remain on
the CM surface but exhibit the worm-like nanostructure with
porosities, making it an interesting hierarchical composite catalyst
for activating HP to degrade C4mim. As almost no such nanoscale/-
macroscale composite catalyst has been developed for activating
HP to degrade C4min, this work would be the first to report such
a hierarchical catalyst for degrading C4mim in water.

2. Experimental
2.1. Chemicals

All chemicals involved in this study were acquired commer-
cially and used directly without purification. Potassium persulfate
(ACS reagent, >99.0 %), sodium hydroxide (reagent grade, >98 %),
sodium sulfide (Na,S) (>98.0 %), and hydrogen peroxide (HP)
(i.e., H,O,, 30 %) were purchased from Sigma-Aldrich (USA). tert-
butyl alcohol (TBA) (ACS reagent, >99.0 %), 5,5-dimethyl-1-
pyrroline n-oxide (DMPO) (>97.0 %), 2,2,6,6-
tetramethylpiperidine (TMP) (>99.0 %), benzoquinone (BQ)
(reagent grade, >98 %), 1-Methyl-2-pyrrolidone (anhydrous,
99.5 %), and sodium azide (NaN3) (purum p.a., >99.0 % (T)) were
purchased from Alfa Aesar (USA). Copper mesh (CM) was acquired
from Maychun Enterprise Co. Itd. (Taichung, Taiwan).

2.2. Preparation of Cu,S@Cu mesh

All chemicals used here were received from supplier and used
with purification. Fabrication of CSCM is illustrated in Fig. 1 by
firstly using CM as a support and a precursor of Cu, followed by
the oxidation by persulfate, and subsequently, the sulfidization
by Na,S.

At start, a piece of Cu mesh (CM) was carved into a small piece
(e.g., 20 mm x 30 mm), which was pretreated by cleansing it with
DI water and ethanol. Next, the piece of CM was immersed in
50 mL of an aqueous mixture of 2.5 M of NaOH and 0.125 M of
potassium persulfate for 10 min to afford a Cu-oxide@CM (COCM).
Subsequently, COCM was then immersed in an aqueous solution of
5 mM of Na,S for 30 min for sulfidization of CM. The resultant
modified CM was then dried in N, atmosphere at 150 °C to afford
the product, Cu,S@CM (CSCM).
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at 150 °C

Fig. 1. Preparation scheme of Cu,S@Cu mesh (CSCM).

2.3. Characterization of catalysts

The appearance of all materials was determined using SEM
(JEOL, Japan). Moreover, the crystalline structures of all as-
prepared materials were characterized using an X-ray diffractome-
ter (Bruker, USA). The surface chemistry of catalysts was further
examined using X-ray photoelectron spectroscopy (XPS) (ULVAC-
PHI, PHI 5000, Japan). The BET surface area and pore volume of cat-
alysts were determined by N, sorption isotherms using a volumet-
ric analyzer (Anton Paar Autosorb IQ, Austria). The electrochemical
analysis was measured on an electrochemical workstation at room
temperature using a standard three-electrode cell. A Pt wire as the
counter electrode, an Ag/AgCl electrode as the reference electrode,
and 20 pl of active suspension dropping on the glass carbon elec-
trode was used as the working electrode. Dispersed 16 mg of cat-
alysts, 2 mg of carbon black and 2 mg of polyvinylidene fluoride
in 10 mL of 1-Methyl-2-pyrrolidone to form an active suspension.
The electrolyte that can offer ions and assure the reversible chem-
ical reaction was selected 1 M KOH (pH 13) or 0.5 M Na,SO,4 (pH
6.6).

The cyclic voltammetry (CV) was operated at a scan rate of
60 mV s~ ! in 1 M KOH solution. Using the 10 mV scan rate in
1 M KOH electrolyte to obtain the linear sweep voltammogram
(LSV) curves. Appling a frequency from 10 Hz to 10000 Hz with a
5 mV amplitude to detect the electrochemical impedance spec-
troscopy (EIS).

2.4. Degradation of C4MIM using HP

C4mim degradation using HP (i.e., H,O, solution) catalyzed by
CSCM was evaluated by batch-type experiments. In a typical
degradation experiment, 10 mM of HP was firstly added to a
C4mim solution (0.2 L) with an initial concentration (Cy of 5 mg/
L). Next, A piece of CSCM (i.e., 60 mg) was hung, and immersed
in the C4mim solution as displayed in Fig. S1 under visible light
irradiation (150 W with a UV cut-off filter, Philips, Netherland).
After preset intervals, sample aliquots were taken from the
C4mim solution and then analyzed by HPLC (Kanuer Azura, Ger-
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many) with a UV-Vis detector at 215 nm and a reverse-phase C-
18 column to determine the residual concentration of C4mim
(C,). The mobile phase consists of DI water (35 %), methanol
(64.9 %), and KH,PO,4 (0.1 %) at a flowrate of 0.8 mL/min. Electron
spin resonance (ESR) (Bruker, Germany) was employed to specify
radical species generated from PDS. 5,5-Dimethyl-1-Pyrroline-N-
Oxide (DMPO), and 2,2,6,6-Tetramethylpiperidine (TMP) were
used as spin trapping reagents. The concentration of Cu found in
the C4mim solution was determined using Inductively coupled
plasma mass spectrometry (ICP-MS) (ICP-MS ELEMENT™ GD PLUS
GD, ThermoFisher, USA). Error bars of data points would be calcu-
lated as the standard deviations of data points from two replicates
of degradation experiments. The full information of computational
investigations was detailed in the supporting information.

3. Results and discussions
3.1. Characterization of catalysts

Morphology and composition

As the CM was employed as a support and a source of Cu, the
pristine CM was also characterized in Fig. 2, and the surfaces of
pristine CM were smooth without any specific structures (Fig. 2
(a-b)). The pristine CM exhibited a typical color of reddish brown
as shown in Fig. 2(c). When the pristine CM was pretreated via
the oxidation to afford a Cu-oxidize@Cu mesh (COCM), the resul-
tant COCM showed a fluffy surface that was covered by fine nee-
dles as revealed in Fig. 2(d-f). The chemical composition of COCM
by EDS analysis in Fig. 3(a) shows that this COCM consisted of only
Cu and O without other elements. This indicates that surfaces on
CM had been oxidized, and these needles might be nano-needles
of Cu-oxide. Fig. 3(c) shows the crystalline structures of the pris-
tine Cu mesh and the resultant COCM. While the pristine CM
exhibited signature peaks at 43.4, 50.6 as well as 74.6°, attributed
to the (111), (200), and (220) planes of Cu metal (JCPDS#03-
1018), a number of additional peaks appeared after CM being oxi-
dized by persulfate at 32.5, 35.4, 38.7, 38.9, and 73°, which were
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Fig. 2. SEM images and pictures of (a-c) pristine Cu mesh, (d-f) CuO@Cu mesh (COCM), (g-j) CSCM, and (k) illustration of suspending CSCM in the reaction medium.

well-indexed to the (110),(002),(111), (200), and (221) planes
of CuO (JCPDS#48-1548) in Fig. 3(c).

Once this resulting COCM was further sulfidized by Na,S, the
mesh remained fluffy; however, the original nanoneedles became
noticeably wider and thicker (Fig. 2(g)). The zoom-in image
(Fig. 2(h)) displays that the nanoneedles of COCM had become
nanoscale worm-like structures and the even-closer image (Fig. 2
(i)) discloses that these nano-worm-like structures exhibited rela-
tively coarse surfaces with the very fine pores on their surfaces.
Fig. 2(j) further demonstrates this sulfidized CM which remained
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as an intact piece of macrosized mesh. Thus, this resultant piece
of sulfidized CM can be hanged by a Cu wire and suspended in
the middle of the solution, as depicted in Fig. 2(k), allowing the
solution to free flow through the mesh and then react with the
active materials.

With this unique nano-worm structure with nanoscale pores
grown on the macroscale mesh, this resulting composite material
would exhibit the hierarchical structure, allowing it to exhibit a
large reactive surface from its nanostructure and practicality as
a macro-sized product. Perumal et al. reported the nano-worm-
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Fig. 3. (a) EDS of COCM; characterizations of CSCM: (b) EDS, (c) XRD, (d) N, sorption, and (e) pore sizes (f) zeta potentials.

like ZnO grown vertically from the thin film via the post-
modification method by a hydrothermal process. Nevertheless,
the resultant worm-like structures did not exhibit uniform mor-
phologies and serious aggregates of the “worms” were also
observed [35]. Additionally, Tao et al. reported the worm-like
nanostructures by a nanoimprint lithography method, affording
very high aspect-ratio nanoworms with a consistent size.
Nonetheless, such nanoworm-like structures must be afforded
via a highly-delicate protocol, which would be difficult to imple-
ment at a large scale [36].

Fig. 3(b) also unveils the composition of this unique composite
material, which were comprised mainly of Cu, and S, indicating
that these nanoworms on CM would be ascribed to copper sulfides.
Fig. 3(c) further displays the corresponding crystalline structure of
this sulfidized CM derived from COCM after the Na,S treatment.
Interestingly, most of CuO peaks were no longer present while
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the peaks of CM itself still remained. More importantly, several
noticeable peaks can be found at 33.1, 35.4, 36.5, 38.6, 42.4, 48.7,
61.3, and 73.8°, which would be well-indexed to the (024),
(402), (313), (422), (620), (103), (104), and (114) planes of
Cu,S based on JCPDS Cards#33-0490 and 26-1116.

Fig. 4 further displays the distribution of elements in CSCM, and
S and Cu would be uniformly spread over the substrate, signifying
that CM had been successfully and uniformly transformed to
CSCM. These characterizations also validated that the straightfor-
ward and relatively mild fabrication method can successfully con-
vert the pristine CM into Cu,S@CM (CSCM) especially with the
unique hierarchical structure. Xu et al. reported the growth of
Cu,S on a mesh via the direct sulfurization of Cu mesh [37]. How-
ever, the direct sulfurization of Cu mesh caused the inconsistent
formation of Cu,S, which then exhibited random configurations
with the well-defined structures.
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Fig. 4. Mapping analysis of CSCM: (a) Scanned region, (b) S, and (c) Cu.

4. Textural properties

Therefore, the textural properties of CSCM were further investi-
gated by measuring its N, sorption isotherm as shown in Fig. 3(d).
For comparisons, the N, sorption isotherms of COCM and the pris-
tine CM were also measured and included in Fig. 3(d). The amount
of N, sorption onto the pristine CM was relatively low because it
exhibited very smooth surfaces and relatively few pores as dis-
played in Fig. 3(e); thus, the pristine CM merely possessed a speci-
fic surface area of 4.0 m?/g and a pore volume of 0.005 cm?/g. After
CM was oxidized and converted to COCM, its corresponding N,
sorption was substantially increased, resulting in a higher specific
surface area of 10.2 m?/g. Its porous analysis is then displayed in
Fig. 3(e), and the pore volumes of different sizes were all noticeably
augmented, leading to a higher pore volume of 0.024 cm?/g, possi-
bly because those nanoneedles were bundled and inter-woven
together, resulting in more pores. Once COCM was then sulfidized,
affording CSCM, its N, sorption became even higher, resulting in an
even higher surface area of 24.4 m?/g, and the isotherm seemed to
have a hysteresis loop, suggesting that the mesopores existed in
CSCM. Its corresponding pore size distribution validated that a rel-
atively large fraction of mesopores (i.e., 2 ~ 10 nm) can be found in
CSCM, possibly owing to those fine voids present on the surface of
the nano-worm-like structure of CSCM, leading to the even higher
pore volume of 0.032 cm?/g. These results confirm that CSCM pos-
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sessed a more favorable textural property than COCM and the pris-
tine CM owing to its uniquely-shaped hierarchical and nano-
worm-like structure.

5. Surface properties

Besides, as the degradation of C4mim and catalytic activation of
HP would involve surficial interactions between C4mim, HP, and
catalysts, surface properties, such as surface charges, might influ-
ence these interactions. Thus, the zeta potentials of COCM and
CSCM at different pH were measured in Fig. 3(f). COCM exhibited
a relatively positive charge of 33 mV at pH = 3, which gradually
dropped at a higher pH and reached a negative charge of
—15 mV at pH = 11. The tendency of COCM’s surface charge as a
function of pH was consistent with the literature [38]. On the other
hand, the zeta potential of CSCM as a function of pH seemed
noticeably different from that of COCM as the surface charges of
CSCM were relatively negative. At pH = 3, its corresponding surface
charge had been —30 mV, which would also continue to decrease
and reach —80 mV at pH = 11. As C4mim is a cationic compound,
the relatively negative surface of CSCM might benefit their interac-
tion, improving degradation efficiency of C4mim by CSCM.

5.1. Degradation of C4mim by HP activation using different catalysts

At first, since C4mim might be removed by adsorption [14,15],
it is essential to study if C4mim could be eradicated via sorption
to catalysts. Fig. 5(a) displays that sorption of C4mim onto CSCM
seemed marginal as only ~ 5 % of C4mim (C;/Cyp = 0.95 at 90 min)
was removed by CSCM. On the other hand, HP alone was also
tested to examine whether HP itself would eliminate C4mim. The
C,/Co reached 0.85 after 90 min possibly caused by certain reactive
oxygen species (ROS) derived from the self-dissociation of HP.
However, both CSCM and HP individually could not eliminate
C4mim efficiently.

Next, once CSCM and HP were combined, and C4mim was
rapidly eliminated, approaching to zero over 90 min. This result
indicates that CSCM could catalyze HP to produce sufficient ROS
for degrading C4mim. In comparison to CSCM, COCM was also
tested for degrading C4mim; the concentration of C4mim also
dropped noticeably in 90 min, suggesting that COCM was also cap-
able of catalyzing HP for degrading C4mim. Nevertheless, the cor-
responding C;/Cy over 90 min merely approached 0.78. Besides, the
C4mim degradation by COCM proceeded much more slowly than
that by CSCM.

For further comparing the degradation kinetics of C4mim by
CSCM and its precursor, COCM, the pseudo 1st order equation is
employed here as follows

G
Ln(C—O) = —kt (1)
where k represents the apparent pseudo 1st order rate constant
(min~1). The corresponding k values of C4mim by different methods
are then calculated and summarized in Fig. 5(b). As CSCM and HP
individually exhibited significantly low k values (i.e, 5 x 1074
and 1.7 x 107> min~', respectively), COCM certainly led to a higher
k as 3.2 x 1073 min~. However, CSCM could exhibit an exception-
ally higher k as 5.5 x 1072 min !, validating that CSCM showed a
significantly higher catalytic activity than COCM for catalyzing HP
to eliminate C4mim, and the sulfidization substantially boosted
the catalytic activity of CM.

Since degradation of pollutants was essentially associated with
ROS generated from catalytic activation of HP, heterogeneous
catalysis of HP activation would be then attributed to electron-

transfer behaviors, redox characteristics, and surficial properties
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Fig. 5. (a) Comparison of degradation of C4mim and (b) corresponding rate constants by various catalysts; effects of (c) CSCM concentration (HP = 10 mM), and (d) HP
concentration (HP = 200 mg/L,T = 30 °C) (Error bars: the standard deviations of data points from two replicates of degradation experiments).

of catalysts [39,40]. Thus, it was necessary to examine the electro-
chemical features of CSCM and COCM for clarifying the differences
between COCM and CSCM, and the influence of the sulfidization.
Firstly, cyclic voltammetry (CV) curves of COCM and CSCM were
obtained and shown in Fig. 6(a). CSCM exhibited the much more
noticeable redox peaks and a larger current response than those
of COCM, demonstrating that CSCM had superior redox properties
than COCM. This also suggests that the interfacial reaction rates in
CSCM would be much faster [41], thereby boosting catalytic activa-
tion of HP. This was also possible because CSCM possessed the

more surficial sites as well as porosity which would be larger ion
basins [39,41], decreasing the diffusion length to the internal space
and accelerating the ionic diffusion [42].

On the other hand, the linear sweep voltammograms (LSV) of
COCM and CSCM were depicted in Fig. 6(b), and CSCM exhibited
a considerably lower overpotential than COCM, signifying that
the electron transport in CSCM was substantially enhanced. More-
over, for further comparing the active sites of COCM and CSCM,
their scan rate-dependent CV curves in the non-Faradaic region
with 1.0 M of KOH were measured in Fig. S1(a-b). The double layer

@ CSCM41.3 mF/cm?

€@ CoCM 6.4 mF/cm?

(a) —— cocm
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Fig. 6. (a) CV curves at a scan rate of 60 mV/s, (b) LSV curves, (c) ECSA of different catalysts.
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capacitance (Cp.) would be quantified through the linear regres-
sion of J;,, with v. The slopes of the linear fitting curves would be
correlated to Cp values of COCM and CSCM as shown in Fig. 6(c).
CSCM exhibited a significantly higher Cp, value of 41.3 mF/cm?
than 6.4 mF/cm? of COCM, suggesting that CSCM exhibited a higher
active area of active sites than COCM. As CSCM possessed many
superior electrochemical properties, it can exhibit a noticeably
more superior performance for activating HP, and leading to the
fastest rate constant of C4mim degradation. These analyses ascer-
tained that the sulfidization of COCM into CSCM had tremendously
improved the electrochemical properties, making CSCM a promis-
ing catalyst for HP activation.

In addition to the electrochemical properties, CSCM also exhib-
ited the more superior textural characteristics than COCM with a
higher specific surface area and pore volume, enabling CSCM to
possess more active sites. Besides, since C4mim is a cationic com-
pound and the surface charges of CSCM were much more negative
than those of COCM, the electrostatic attraction between C4mim
and CSCM seemed stronger than that between C4mim and COCM.
These favorable features of CSCM might contribute simultaneously
to the much higher C4mim degradation efficiency by CSCM in com-
parison with COCM.

5.2. Effects of CSCM and HP dosages on C4mim elimination

As the co-presence of CSCM and HP was found to degrade
C4mim effectively, it would be useful to further evaluate the
effects of CSCM and HP concentrations on C4mim degradation for
elucidating their respective contributions to C4mim degradation.

Fig. 5(c) first displays C4mim degradation by varying HP from
10 to 30 mM with a constant dosage of CSCM as 300 mg/L.
C4mim degradation was slightly affected at different HP dosages
as a lower HP dosage of 10 mM led to the much slower degradation
with a smaller k = 5.5 x 1072 min~! even though C4mim could be
still completely eliminated. Once HP became 15 mM, the C4mim
degradation would be slightly enhanced as the k increased to
5.9 x 1072 min~ . In the case of HP = 20 mM, C4mim could be com-
pletely eliminated at an even shorter time with a higher k = 6.6 x
1072 min~". This demonstrates that the dosage of HP was critical as
the availability of HP would greatly influence amounts of reactive
oxygen species (ROS).

On the other hand, the dosage of CSCM was varied from 200 to
400 mg/L at a fixed concentration of 10 mM of HP. As CSCM at a
relatively low concentration of 200 mg/L enabled the full elimina-
tion of C4mim in 90 min with a k = 4.4 x 1072 min~! (see the inset
in Fig. 5(d)), the higher dosages of CSCM at 300 and 400 mg/L
would considerably expedite the full degradation of C4mim, reach-
ing the k values of 5.5 x 1072 and 8.1 x 10~2 min, respectively. A
higher dosage of CSCM offers more reactive sites, thereby facilitat-
ing HP activation and enhancing C4mim degradation.

5.3. Other effects and reusability

5.3.1. Variation of temperature

To further explore the performance of CSCM, C4mim elimina-
tion would be tested at 30, 40, as well as 50 °C. Fig. 7(a) reveals that
C4mim degradation using CSCM was substantially expedited at
higher temperatures. Specifically, CSCM enabled the full degrada-
tion of C4mim rapidly at 30 °C with a k of 5.5 x 1072 min~!, which
then increased to 6.0 x 1072 min~! at 40 °C, and 6.8 x 1072 min~!
at 50 °C. This demonstrates the positive influence of elevated tem-
peratures on C4mim elimination.

Previous studies have also found that the relatively high tem-
peratures (i.e., 70 ~ 90 °C) would enhance the degradation of
C4mim by accelerating the kinetics and reducing the reaction time
[21,22].
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Moreover, as the k values of C4mim degradation became higher
at the higher temperatures, the k value might be related mutually
with temperature via the Arrhenius law:

Lnk — —InA = — — E,/RT )

The inset in Fig. 7(a) depicts a relationship between k and T. It
can be appropriately fitted linearly with R? of 0.981, suggesting
that the kinetics of C4min degradation could be properly-
associated with temperature. On the other hand, the E, value of
C4mim degradation by CSCM + HP was computed as 8.6 kJ/mol,
and it was tremendously lower than all the E, values of C4mim
elimination in literature, ranging from 23 to 43 kJ/mol, in Table 1,
thereby ascertaining that CSCM would be an efficient catalyst for
eliminating C4mim.

5.3.2. Effect of pH

In addition to temperature, the initial pH of the C4mim solution
was also varied for examining the effect of pH especially as C4mim
degradation by CSCM+HP is an aqueous reaction. Fig. 7(b) displays
C4mim degradation by CSCM+HP at initial pH ranging from 3 to 11.
As C4mim degradation under the neutral condition (i.e., pH = 7)
was employed as a basis, the initial pH became relatively acidic
at 5 seemed to make C4mim degradation proceed slower, and its
corresponding k decreased from 5.5 x1072 to 1.7 x1072 min .
Once initial pH was even lower at pH = 3, the corresponding k fur-
ther decreased to 2.6 x10~> min~'. This was possibly because the
abundant protons under the acidic condition might scavenge *OH,
thereby suppressing the C4mim degradation [46]. Besides, the
acidic condition would make the CSCM surface less negatively-
charged as shown in Fig. 3(f); thus, the electrostatic attraction
between the cationic C4mim and CSCM might be lessened, thus
causing the less efficacy of C4mim elimination.

Once pH became 9 under a relatively alkaline condition, the
C4mim elimination would be also noticeably affected and pro-
ceeded slower than that under the neutral condition with a k =
1.6 x1072 min~. As the initial pH became even higher to 11, the
C4mim degradation was also hugely interfered with, and the corre-
sponding C,/C, merely reached 0.8 with a very low k of 2.0 x103
min~'. This was because the oxidation capability of HP is greatly
associated with pH and its redox potential diminishes at increasing
pH [47,48], leading to inefficient C4mim degradation.

This suggest that the most favorable environment for C4mim
elimination by CSCM would be pH = 7; this feature is also reported
in the literature for studying heterogeneous catalysis of HP in
degrading contaminants, ascribed to the electrostatic interactions
between contaminants and surface charges of catalysts [49].

5.3.3. Effects of NaCl, and types of different water sources

Aside from temperature and pH, the effect of co-existing ions
might also influence C4mim degradation especially because
C4mim was a cation, and it was added actually in the form of
[C4mim]*[Cl]~, which consists of both a cation and an anion. To
this end, NaCl is particularly chosen to represent the most common
salt and a pair of cation/anion. In addition, wastewater also gener-
ally contains NaCl, which was then examined for its effect on
C4mim degradation. Fig. 7(d) depicts C4mim elimination at differ-
ent concentrations of NaCl. As C4mim could be fully and quickly
eliminated by CSCM+HP in 90 min in the absence of NadCl,
C4mim was still completely removed in 90 min with a k = 5.1
x1072 min~! in the presence of NaCl at 5 mg/L, which was the
same mass concentration of C4mim in the solution. This indicates
that when NaCl at an equivalent concentration of C4mim was pre-
sent, the influence of NaCl on C4mim degradation was negligible.
When the NaCl concentration increased to 50 mg/L, C4mim was
also rapidly degraded, and the corresponding C;/C, reached zero
in 90 min with a k of 3.8 x1072 min~!. Even though NaCl was at
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Fig. 7. Effects of (a) temperature, (b, ¢) pH, and (d) recyclability; (e) NaCl, and (f) water types (catalyst = 300 mg/L; HP = 10 mM/L; T = 30 °C) (Error bars: the standard

deviations of data points from two replicates of degradation experiments).

Table 1

A comparison of E, values for C4mim degradation®,
Material / Oxidant E, (kJ/mol) Reference
CSCM | H,0, 8.6 This work
FeNiC / persulfate 40.4 [43]
Fe?* | Hy0, 433 [44]
Co304 / Oxone 239 [45]

*E, calculated by the two replicate experiments at different temperatures.

a significantly high concentration of 500 mg/L, more than 90% of
C4mim could be still eliminated in 90 min with a k of 3.0 x102
min~ .

Furthermore, other types of water sources were also examined
to probe into the influence of different water matrices on C4mim
degradation by CSCM. As the DI water was employed as a basis,
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C4mim in the tap water could be still quickly and effectually
degraded as its corresponding k remained almost the same (i.e., k
=5.5 x1072 min~'). This indicates that even though the tap water
also contains some ions and molecules, C4mim could be still effi-
ciently eliminated by CSCM. Interestingly, in the case of seawater,
the C4mim degradation was slightly affected as more than 95% of
C4mim was still eliminated with a k = 3.6 x1072 min~..

These results indicate that C4mim could be still efficiently
degraded by CSCM+HP even with NaCl or different water matrices,
revealing that CSCM would be a promising/practical catalyst for
C4mim elimination via activation of HP.

5.3.4. Reusability of CSCM, and activation mechanism of CSCM for HP

In addition to the aforementioned effects, the reusability of a
heterogeneous catalyst is also crucial. Therefore, the reusability
of CSCM was then examined by using CSCM over 5 consecutive
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cycles. Fig. 7(f) displays that the spent CSCM was still capable of
activating HP to degrade C4mim, and no significant loss of catalytic
activity could be observed, demonstrating the high reusability of
CSCM. On the other hand, the Cu concentration in the solution in
the end of the recyclability experiment of C4mim degradation
was measured to study if Cu was leached out, and dissolved in
water. Nonetheless, the Cu concentration in the solution at the
end of the recyclability test was detected as 0.003 mg/L by induc-
tively coupled plasma mass spectrometry, which was much smal-
ler than the original concentration of CSCM (i.e., 300 mg/L),
suggesting that CSCM was a stable and robust catalyst.

Besides, the surface chemistry of CSCM using X-ray photoelec-
tron spectroscopy before and after the recyclability was analyzed,
and the core-level Cu and S spectra of CSCM were measured and
displayed in Fig. 8. Specifically, the Cu2p spectrum of the pristine
CSCM (Fig. 8(a)) can be deconvoluted to show numerous notable
peaks at 934.0, 935.9, 941.6, 944.0, 953.8, 955.8, and 962.5 eV.
Specifically, the peaks at 934.0 and 953.8 eV corresponded to
Cu’, while the peaks at 935.9 as well as 955.8 eV were ascribed
Cu?* [50]. Besides, the S2p spectrum (Fig. 8(b)) would be also
deconvoluted to afford the dual bands at 162.0, and 163.1 eV,
attributed to S2ps, and S2psj,, respectively [51]. On the other
hand, the spent CSCM from the recyclability test had been also ana-
lyzed, and its Cu2p and S2p spectra can be viewed in Fig. 8(c-d).
Generally, the Cu2p and S2p spectra of CSCM were similar to those
of the pristine CSCM, indicating that HP activation and C4mim
degradation did not destory CSCM. Nonetheless, the fractions of
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Cu species before and after the recyclability test were slightly
changed. The fraction of Cu?" seemed smaller in the spent CSCM,
whereas the fraction of Cu?* would also become relatively high
in the spent CSCM. These variations were consistent to the
reported mechanism of HP activation, in which metal species
would catalyze HP activation via the transformation of valence
states of metal species through the following equations [52]:

Cu + @QCSCM + H202 — Cu2 + @CSCM + -OH + OH— (3)

Cu**@CSCM + H,0,Cu*@CSCM + HO, - +H* 4)

Thus, this confirmed that C4mim elimination by CSCM + HP
might be ascribed to the redox process of metal species in CSCM
(i.e., Cu*/Cu®*). However, the fraction of S species in CSCM before
and after the recyclability did not significantly change, suggesting
that S species played a relatively minor role in activating HP by
CSCM.

5.4. Mechanistic insights into C4mim elimination

For further study of the mechanism for HP activation by CSCM
in C4mim degradation, two special radical scavengers were
employed to examine ROS generated from CSCM-activated HP.
Firstly, tert-butanol (TBA), consisting of no «-hydrogen, has been
frequently employed as a probing agent for hydroxyl radical.
Fig. 9(a) demonstrates that the addition of TBA would lead to a
noticeable inhibition to C4mim degradation by CSCM as the corre-
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Fig. 8. XPS of (a-b) the pristine CSCM and (c-d) the used CSCM.
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Fig. 9. Effects of radical probe on degradation of C4mim by CSCM: (a) degradation results (Error bars: the standard deviations of data points from two replicates of
degradation experiments), (b) rate constants. ESR analyses: (c) DMPO, (d) TMP (catalyst = 300 mg/L; HP = 10 mM; T = 30 °C); (e) illustration of C4mim degradation by

CSCM + HP.

sponding k became much smaller from originally 5.5 x 1072 to
2.7 x 1072 min~"' (Fig. 9(b)), signifying that -OH shall be involved
during C4mim degradation.

On the other hand, as the decomposition of HP might also
induce the formation of a non-radical ROS, singlet oxygen (10,)
[53,54], NaN3 was then chosen as a probe agent for examining
the presence of '0,. Fig. 9(a) reveals that C4mim degradation by
CSCM would be also noticeably affected because k decreased to
1.1 x 1072 min~!, and thus '0, might be present in C4mim degra-
dation. Previous studies indicate that Cu** might react with HOS,
which was produced according to Eq.(5) to result in the singlet
oxygen as follows:

Cu**@CSCM + HO- — Cu* @CSCM + 1o, (5)

Moreover, electron spin resonance (ESR) spectroscopy was then
adopted to analyze ROS generated from CSCM-activated HP. Ini-
tially, 5,5-Dimethyl-1-pyrroline N-Oxide (DMPO) was employed
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as the spin-trapping agent, and no noticeable signal could be found
from the combination of DMPO and HP (Fig. 9(c)). Once DMPO,
CSCM and HP were simultaneously combined, the distinct pattern
of DMPO-OH with a 1:2:2:1 quadruplet signal was obtained
[53,55], validating the presence of -OH. On the other hand, Fig. 9
(c) also displays the ESR result of the combination of DMPO, COCM
and HP; a very weak signal of the adduct of DMPO-OH could be
observed. This also indicates that the catalytic activity of COCM
for catalyzing conversion of HP to OH would be much lower than
that of CSCM; thus, CSCM enabled a significantly more effective
C4mim degradation than COCM.

On the other hand, 2,2,6,6 Tetramethylpiperidine (TMP) was
also employed as the spin-trapping agent for identifying the exis-
tence of '0,. As no obvious signal was detected by HP alone
(Fig. 9(d)), a distinct pattern of TMPO with a triplet signal was
found in the mixture of TMP, HP and CSCM, confirming the pres-
ence of '0, derived from HP. Nevertheless, when TMP, HP and
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COCM were all mixed together, the corresponding ESR result (Fig. 8
(d)) did not reveal significant patterns, suggesting that COCM-
induced production of '0, was very insignificant.

These results demonstrate that C4mim degradation by CSCM-
activated HP can be attributed to both -OH and '0,, which might
be the reason that CSCM-activated HP can enable the highly-
effective C4mim degradation, while C4mim degradation by
COCM-activated HP was inefficient due to the very low quantity
of -OH without other useful ROS.

5.5. Computational calculation and possible C4mim degradation
pathway

With the advance of the quantum chemistry computation, reac-
tion pathways, kinetics as well as regioselectivity of organic con-
taminants could be predicted and estimated to offer valuable
information for design and operation of advanced oxidation pro-
cesses [56,57]. As C4mim was efficiently degraded by CSCM-
activated HP, it would be valuable to further explore the decompo-
sition pathway of C4mim. Herein, the density functional theory
(DFT) computation was particularly employed to offer insights into
the susceptibility of possible reactive sites of C4mim given its

No. Atom f(-) f(0) f(+)
1 N 0.008 0.019 0.030
2 0.179 0.239 0.300
3 C 0.179 0.128 0.076
4 C -0.013-0.014-0.015
5 N 0.008 0.022 0.035
6 C 0.187 0.137 0.087
g C -0.005-0.007 -0.009
8 C -0.003-0.008-0.012
9 C -0.002-0.003-0.003
10 C 0.001 -0.001-0.004
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molecular orbitals (MOs) and the Fukui indices. Fig. 10(a) firstly
displays the optimized structure of C4mim with its highest occu-
pied MO (HOMO) in Fig. 10(c), and the lowest unoccupied MO
(LUMO). The the yellowish, and blueish areas of HOMO and LUMO
represent the electron-deficient and electron-abundant regions of
C4mim, respectively. The HOMO on the imidazolate ring has the
tendency for releasing electrons; therefore, C4mim could be
attacked by the electrophilic ROS, such *OH. In addition, the elec-
trostatic potential (ESP)-mapped analysis of C4mim (Fig. 10(b))
also suggests that the sites close to the imidazole ring would also
attract the attack from ROS.

On the other hand, the Fukui indices of C4mim were also calcu-
lated, and summarized in Fig. 10(e) with the mapped isosurfaces of
£, fO and f* values in Fig. 10(f), (g) and (h), respectively. Gener-
ally, an atom with a large value of the Fukui index signifies a higher
possibility for this atom to receive attacks. In particular, an atom
with a large f ~ value could be more easily attacked; thus, 6C,
exhibiting the higher f =, would be the most possible site for
receiving attacks. Additionally, 2C, and 3C also exhibited the rela-
tively high f ~ values; thus, these atoms might also easily receive
attacks in the beginning of C4mim degradation. Moreover, Fig. 10
(e), and (g) also reveal f ° indices for determining probable atoms

(h) £+

Fig. 10. DFT calculation for C4mim: (a) the optimized molecule structure; (b) electrostatic potential (ESP); (c) HOMO; (d) LUMO; and (e) the calculated condensed Fukui
index distribution for electrophilic attack (f~), radical attack (f°), and nucleophilic attack (f*).
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Fig. 11. A proposed degradation process of C4mim by CSCM + HP based on the detected intermediates.

for receiving non-radical attacks. 2C with the highest value of f°
might be the most possible atom for receiving the non-radical
attacks, followed by 6C and 3C. In view of these above-
mentioned analyses, the C4mim degradation might be initiated
by the attacks on the imidazolate ring at the possible sites of 6C,
2C and 3C.

For further determining the decomposition pathway of C4mim,
the decomposition of C4mim by CSCM-activated HP would be then
analyzed by mass spectrometry as displayed in Fig. S2, and the
detected intermediates are summarized in Table S1. Given these
molecules and insights from the DFT-assisted analyses, a possible
decomposition pathway for C4mim by CSCM-activated HP could
be depicted in Fig. 11 [17,18,58].

Initially, C4mim might be attacked at its imidazolate ring,
which was then opened to become M1. Subsequently, M1 ((E)-N-
butyl-N"-methyl-N-vinylformimidamide) might undergo further
attacks to afford a series of by-products from the ring-open reac-
tion, such as M2 (1-butyl-1-(hydroxymethyl)-3-methylurea), M4
(butyl(hydroxymethyl)carbamic acid) and M6 ((butylazanediyl)
dimethanol). In particular, M2 might be further decomposed to
become M3 (1-(hydroxymethyl)-1,3-dimethylurea) and then M5
(1-methylurea) by eliminating the long alkyl chain of M2. The
resulting M5 (could be further oxidized and decomposed to gener-
ate M7 (methylcarbamic acid) as well as M10 (methanetriol). On the
other hand, M4 might be also transformed to M6, which would be
further decomposed to produce M8 ((butylamino)methanol), and
subsequently, M9 ((hydroxyamino)methanol). These low-
molecular-weight by-products (i.e., M8, M9, and M10) could be
further oxidized and then broken down eventually to CO, and H,O0.

6. Conclusions

In this study, a hierarchically-structured Cu,S grown on copper
mesh (CM) can be afforded by directly employing CM as a template
and precursor. Via the first-step oxidation, the high-aspect-ratio
nanoneedles of CuO could be produced and protruded from the
CM surface, affording large contact surface areas. The subsequent
second-step sulfidization further transformed these nanoneedles
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into relatively chubby worm-like structures. Especially, these
nano-worms also exhibited highly porous surfaces as they were
uniformly and densely grown on the macro-porous CM, making
the resultant material a unique and versatile composite. These fea-
tures enable this resulting Cu,S@copper mesh (CSCM) to exhibit
the much more superior textural, and electrochemical properties
than the conventional non-sulfidized CuO@copper mesh, making
CSCM show a significantly higher catalytic activity for activating
hydrogen peroxide (HP) to degrade C4mim. These results validate
that the proposed sulfidization treatment represents an efficient
and promising protocol for boosting Cu-based catalyst; more
importantly, such a CSCM also provided a much more practical
and convenient route than the conventional powdered forms of
catalysts for C4mim degradation in view of ease of recovery and
separation of CSCM from solutions and robust recyclability. More-
over, CSCM with HP also led to a tremendously lower activation
energy of C4mim degradation (8.6 kJ/mol) in comparison to other
powdered and homogeneous catalysts (i.e., 23 ~ 43 kJ/mol), con-
firming that CSCM is not only practically useful but also highly effi-
cient as CSCM can induce both radical and non-radical attacks on
C4mim. This study successfully demonstrates the convenient tech-
nique for fabricating the hierarchically-structured Cu,S grown on
CM with the special worm-like and highly-porous configuration,
providing insights for designing hetero-interfaced composites with
superior textural properties to boost the surficial chemical proper-
ties in catalytic applications.
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