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HIGHLIGHTS GRAPHICAL ABSTRACT

® Mo,C and Ni° NPs embedding into N-
doped carbon were prepared via pyr-
olysis.

® Mo,Ni,@N-C was loaded on PVDF
film to obtain the Mo,Ni,@N-C/PVDF
membranes.

® Mo,Ni,@N-C/PVDF exhibited ex-
cellent catalytic activity for Cr"" re-
duction.

® Membrane’s porous structure mini-
mizes NPs agglomeration and en-
hances mass transfer.

® The catalytic activities were closely
related to the various operating para-
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ARTICLE INFO ABSTRACT
Keywords: Molybdenum carbide and Ni°® nanoparticles (NPs) embedding into N-doped carbon materials (Mo,Ni,@N-C)
PVDF membrane were prepared by one-step thermolysis of Ni, Mo, N, C precursors, and then loaded on poly (vinylidene fluoride)
Hexavalent chromium (PVDF) film to obtain the catalytic membranes (Mo,Ni;@N-C/PVDF). The membranes effectively catalyzed the

Molybdenum carbide
Reduction reaction

reduction of toxic Cr'' to benign Cr™ by employing formic acid (FA) as the reducing agent. The effects of

parameters, such as initial concentrations of Cr"" (5-25 mg/L) and FA (0.117-0.702 M), solution pHs (2.12-5.43)
and temperatures (15-55 °C), as well as HCOONa concentrations (0-0.20 M) on CrV! reduction were analyzed in
view of scalable industrial applications. Owing to the synergistic effects amongst Ni®, Mo,C, doped nitrogen, and
oxygen groups as catalytic active sites, and carbon shell protection of metal NPs from leaching out, Mo,Ni,@N-
C/PVDF catalysts exhibited excellent catalytic activity and recyclable capability for Cr*’ reduction. The mem-
brane’s unique porous structure and large chemically active surface area not only minimize the NPs agglom-
eration, but also allow the facile transport of catalytic reactants to the active surface without suffering from high
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mass-transfer resistance. This study demonstrates Mo,Ni,@N-C/PVDF catalytic membranes with the morpho-
logical and structural features provide a green, economic, and fast method for the treatment of Cr"! containing

waters.

1. Introduction

Discharge of chromium into the environment is of growing world-
wide concern for their high detrimental and toxic effects on human
health and the environment [1,2]. In general, crV! and cr™ are the
dominant species in the natural aquatic environment. Cr"! is generally
soluble, mobile in groundwater and surface water, whereas Cr'" usually
forms insoluble Cr(OH); precipitates [3]. cr'! is a known carcinogen
often found in water supplies both from human activities (e.g., elec-
troplating, leather tanning, metal finishing, and chromium mining) and
from the oxidation of Cr'™ by natural processes, and has been listed as a
prior pollutant by the U.S. Environmental Protection Agency [4]. Cr'™
displays obviously lower toxicity compared to Cr'". Therefore, reduc-
tion of Cr¥" to Cr™ is a crucial motivation for Cr¥' decontamination.

Nowadays, different methods including chemical (adsorption and
reduction), physical (electrical enrichment and washing), and biolo-
gical processes, have been implemented to eliminate Cr"' contamina-
tion [5]. Chemical reduction has great potential for the removal of cr”!
and thus is attracting more and more attention, due to its considerable
advantages in fastness, high efficiency, and eco-friendliness [6,7]. For
reduction reaction, a catalyst with low overpotential and good reusa-
bility is vital. Recently, noble metals (e.g., Pt, Pd, Au, and Ag) have
been received significant attention for Cr'! reduction [8-10]. For ex-
ample, Veerakumar et al. [4] reported that PA@GAC exhibited an ex-
traordinary activity for catalytic reduction of Cr¥' in the presence of
formic acid (FA) as the reducing agent. The most benefit is that aqueous
FA is an emerging reductant, thanks to its low cost, environmental
friendliness and no secondary pollution [11]. Pd-based catalysts are the
most effective materials, but their high cost and low abundance.im-
peded the large-scale commercialization. Thus, it is critical to find novel
and environmentally benign catalytic materials that use abundant ele-
ments and can be made by facile methods [12].

Because of the unique d-band electronic structures, molybdenum
carbides (Mo,C) have aroused ever-growing interest as high-perfor-
mance catalysts. As such, it would be desirable to identify some in-
novative approaches for practical utilization by enhancing electron
conduction through phase control, nanostructure and heterostructural
engineering, intercalation, and doping. For example, Qiu et al. [13]
found MoS,@hybrid acid-doped polyaniline immobilized on porous
polyacrylonitrile nanofibers can efficiently remove toxic Cr'' from
aqueous environments. Similarly, Jiang et al. [14] found that Mo-
driven composites could efficiently remove Cr'' from aqueous solu-
tions. Recently, Ni NPs-incorporated carbon composites have been
proposed for FA-induced reduction of highly toxic aqueous Cr' [15].
Based on the theoretical calculations and experimental results, the sy-
nergistic effect of the metallic Ni and molybdenum compounds can
enrich the electron density on the carbon surface, promoting hydrogen
adsorption and evolution [16]. Some composites combining metallic Ni
and molybdenum compounds, including Ni/NiMo4Ns [17], Mo,C-Ni@
N-doped carbon vesicle [16], and porous carbon-supported Ni/Mo>C
[18], have exhibited both good activity and acid stability. Many re-
searchers found that introduction of another element into the lattice of
a given material can effectively modify the electronic and chemical
properties [19]. In view of the above considerations, one of the most
promising technologies is chemically coupling Ni with Mo,C to improve
the catalytic activity. To our knowledge, Mo,C-Ni@N-doped carbon has
not been studied for Cr¥* removal.

Despite good performance of inexpensive nanomaterials, time-con-
suming and complicated separation procedures from the reaction
system greatly limited their application. In order to solve these
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problems, immobilizing nanocatalysts on porous membranes (e.g., re-
newable cellulose membrane, polycarbonate membrane, and porous
ceramic membrane) offer a new way to achieve the separation and
reuse [20,21]. In particular, poly(vinylidene fluoride) (PVDF) mem-
brane has attracted much attention in wastewater purification, due to
excellent mechanical strength and chemical stability [20,21]. For in-
stance, we prepared iron NPs embedded carbon in PVDF membranes as
a multifunctional catalytic system to effectively oxidize organic com-
pounds [22]. Motivated by the studies, a material combining the redox
reactivity of Mo,C-Ni@N-doped carbon with porous PVDF membranes
is expected to show high Cr"' removal capacity and efficiency.

In this study, we prepared molybdenum carbide and Ni® NPs em-
bedding into N-doped carbon materials (Mo,Ni,@N-C) through one-
step thermal treatment, and then loaded on PVDF film to obtain the
catalytic membranes (MosNi,@N-C/PVDF). Then we used them as cost-
effective and efficient catalysts for Cr'' reduction using FA as a hy-
drogen donor. Varieties of physicochemical characterization techniques
were performed to investigate the morphology, structure, surface
compositions, and textural properties of the Mo,Ni,@N-C/PVDF cata-
lysts. The influences of several critical factors, such as initial con-
centrations of Cr'" and FA, pHs, temperatures and HCOONa con-
centrations on Cr"' reduction efficiency as well as the catalytic stability
of the catalysts were systematically investigated. Moreover, a possible
mechanism for the Cr! reduction was proposed.

2. Materials and methods
2.1. Chemicals and materials

All chemicals and materials were commercially available and used
without further purification. Oxalic acid dihydrate (C,H,042H,0),
ammonium molybdate tetrahydrate ((NH4)sMo0,0544H,0), melamine
(C3HeNg), nickel chloride hexahydrate (NiCly6H,0), poly-
vinylpyrrolidone (PVP), N, N-dimethylformamide (DMEF), ethanol
(C3HgO), potassium dichromate (K,Cr,0,), formic acid (HCOOH, FA),
hydrochloric acid (HCI), sodium hydroxide (NaOH) and sodium for-
mate (HCOONa) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Poly(vinylidene fluoride) (PVDF) was purchased from Sigma-
Aldrich Chemistry Co., Ltd.

2.2. Synthesis of Mo,Ni,@N-C NPs catalysts

Mo,Ni, @N-C NPs were synthesized through a simple pyrolysis route
according to the published procedures [16]. Briefly, oxalic acid dihy-
drate (2.52g, 0.02mol) and ammonium molybdate tetrahydrate
(0.27 g, 0.218 mmol) were firstly dissolved in 40 mL of deionized water.
Secondly, melamine (1.26 g, 0.01 mol) was added to the above mixed
suspension and refluxed at 70°C for 6h under stirring condition.
Afterward, NiCl,-6H,0 (0.4 g, 1.68 mmol) was dissolved into the mix-
ture solution, stirring for 12h at room temperature. In addition, the
solution was dried at 70 °C under vacuum, and then ground to obtain a
fine powder. Subsequently, it was further put in an alumina crucible,
heated to 900°C in nitrogen atmosphere with a heating rate of
10°Cmin~"', and kept for 2h. Unless noted otherwise, the products
were denoted as Mo,Ni,@N-C (where x and y represented the amounts
(g) of Mo source ((NH4)¢Mo0,0244H,0) and Ni source (NiCly-6H50),
respectively).



Y. Yao et al.

2.3. Preparation of Mo,Ni,@N-C/PVDF membranes

Mo,Niy,@N-C blended PVDF catalytic membranes were fabricated
by the phase inversion technique [22]. Briefly, 0.05 g of the synthesized
Mo,Niy@N-C, 0.25g of PVP and 0.5g of PVDF powder were totally
dissolved in DMF (5 mL) solution with vigorous stirring at 60 °C for over
10h to completely dissolve the polymer. Afterwards, the obtained so-
lution was transferred into a drying oven for 12 h to remove air bubbles.
After degassing, the solution was carefully poured into a Petri dish
(24 cm?) with a controlled casting rate, and then immersed in a coa-
gulation bath (ethanol aqueous solution at 25 °C) to induce phase in-
version. The generated membranes labeled as Mo,Ni,@N-C/PVDF were
rinsed to remove the residual solvent and kept in deionized water be-
fore further use. Meanwhile, MoO3, NiO, and NiMoO3 blended PVDF
membranes (denoted as MoOs/PVDF, NiO/PVDF, and NiMoO3/PVDF)
were also synthesized in the same way. The synthetic procedure of
Mo,Niy,@N-C/PVDF membranes is illustrated in Fig. 1.

2.4. Characterization

The surface and cross section morphologies of the as-obtained
composites were investigated using field emission scanning electron
microscopy (FE-SEM, SU8020, Hitachi, Japan). The field emission
transmission electron microscopy (FE-TEM) observations were made
using a JEOL JEM-2100 instrument at 200 kV. Energy dispersive X-ray
spectra (EDS) and the elemental mapping were obtained from the
randomly selected areas of each sample to probe the components of the
elements. Powder X-ray diffraction (XRD) analysis was carried out by a
Philips X’Pert Pro MPD diffractometer (40 kV, 40 mA; Cu Ka radiation)
with a scanning speed of 6°min~ ' over the range 5-90°. X-ray photo-
electron spectroscopy (XPS) measurements were conducted on an
ESCALAB250Xi spectrometer (Thermo Scientific, UK) with a mono-
chromatic Al Ka radiation. During the XPS analysis, the standard peak
of carbon was set at 284.8 eV for charge corrections. Atomic force mi-
croscopy (AFM) measurements were recorded to measure the roughness
of the samples with a CSPM4000 Scanning Probe Microscope (Benyuan,

Beijing).
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2.5. Cr¥! reduction tests

The catalytic activity was evaluated in a 250 mL conical flask con-
taining 100 mL of Cr"" solution prepared by adding potassium dichro-
mate to the deionized water, which was shaken constantly in a ther-
mostatic shaker. The catalytic membrane was firstly added to the bottle,
followed by FA as the electron donor with an aliquot stock solution to
initiate the reaction. For each sampling event, a volume of suspension
was drawn from the reactor with a plastic syringe. The samples were
immediately filtered through a 0.22 um polytetrafluoroethylene (PTFE)
membrane for chemical analysis. Cr'" concentrations in the samples
were determined by the absorbance of K,Cr,O, at 350 nm using an
UV-vis spectrophotometer with 1 cm path length cuvettes. For a com-
parison study, control experiments were carried out using the different
catalytic membranes in the presence or absence of FA. The influences of
initial Cr¥! concentrations, FA concentrations, solution pHs, tempera-
tures, and HCOONa concentrations on the efficiency of the Cr'" re-
duction were carried out. To study the influence of solution pH on re-
moval, the desired initial pH (pH;) of each sample was adjusted to a
value with droplet addition of HCl or NaOH, and the final pH (pH,) was
monitored through a pH meter. The catalytic durability of catalytic
membrane was performed at least five times for any given conditions.

3. Results and discussion
3.1. Catalyst characterizations

The structural properties and chemical compositions of the as-pre-
pared Mo,Ni,@N-C samples were characterized by a variety of different
physicochemical techniques. Representatively, the microstructures of
the Mog »7Nig 4@N-C NPs were firstly examined by FE-TEM and FE-SEM
measurements. FE-SEM images show that the composite is assembled
from NPs, forming a porous nanostructure (Fig. 2a), which is favorable
for mass transport and reaction. FE-TEM image (Fig. 2b) reveals that
the Moy 27Nig 4@N-C heterostructures consist of inner Ni NPs and de-
corated Mo,C NPs, and that both are encapsulated in the carbon ma-
trices. Ni NPs were surrounded by Mo,C NPs, benefiting electron
transfer between them. Due to the good crystallinity, the lattice fringes
could also be observed in the HRTEM image (Fig. 2c), in which the
2.04 A could be assigned to the (111) interplane space of metallic Ni
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Fig. 2. Morphology and compositions of Mog 27Nip 4@N-C NPs. (a) Representative FE-SEM image. (b) Representative FE-TEM image. (c) High-resolution TEM image.
(d) FE-TEM image and its corresponding elements mapping: (e) Mo, (f) Ni, (g) C, (h) N, and (i) O elements. (j) XRD pattern. XPS spectra of (k) C 1s, (1) O 1s, (m) N 1s,

(n) Ni 2p and (o) Mo 3d electrons.

and the 1.8 A belonged to the (11 1) plane of MoC. EDS analysis clearly
shows the compositions of Mo 7Nig 4@N-C comprising of Mo, Ni, C, N,
and O elements (Fig. S1). The element mapping also demonstrates that
molybdenum, nickel, carbon, nitrogen, oxygen species are distributed
in the carbon matrix uniformly, indicating the nitrogen atom was suc-
cessfully doped into the carbon lattice (Fig. 2d-i). All these results in-
dicate that Mog »7Nig 4@N-C is composed of typical Mo,C and Ni, which
are enwrapped by carbon walls.

XRD pattern (Fig. 2j) confirms that sample Mog 5,Nig4@N-C is
composed of graphite, metallic Ni (JCPDS No. 04-0850), y-MoC (JCPDS
No. 35-0787) and [3-Mo,C (JCPDS No. 35-0787). The wide scan spectra
of photoelectron peaks in Fig. S2 clearly show the presence of Mo 3d, Ni
2p, C 1s, N 1s, and O 1s. As shown in Fig. 2k, the high resolution XPS
spectrum of the C 1s can be fitted into three peaks centered at 284.8,
285.7, and 288.4 eV, which can be attributed to C—C/C=C, C—0, and
C=0O0 species, respectively. Similarly, O 1s core level spectrum (Fig. 21)
can be divided into four peaks at ~530.9eV (lattice O), ~531.5eV
(0—C), ~532.3eV (O—H), and ~533.1 eV (C—0) [23]. The N 1s XPS
spectrum (Fig. 2m) shows the peak is originated from the pyridinic N
(398.6 V). It is beneficial to the Cr"! reduction caused by the lone pair
electrons in the carbon matrix, which can withdraw electrons and
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active hydrogen [24]. The Ni 2p spectrum is composed of two spin-orbit
photoelectron peaks at 856.3 eV (Ni 2p3,,) and 874.3 eV (Ni 2p; ) as
well as their intense shakeup satellites, confirming the presence of Ni?™*
in the composite (Fig. 2n) [25], which was possibly caused by the Ni-C
bond on the surface of Ni NPs [16]. No obvious XPS signal of Ni° at
852.8 eV is observed, implying that Ni® NPs are encapsulated by the
carbon layers. For the Mo 3d spectrum (Fig. 20), two pairs of peaks (Mo
3ds,2/3ds,2) at 232.9/235.9 and 228.8/232.4eV can be ascribed to
surface-oxidized MoO, and Mo,C, respectively [24]. The higher oxi-
dation state of Mo may be caused by partial surface oxidation of the
Mo,C NPs, which was also observed in Mo,C-type catalysts reported
previously [24].

Moy »7Nip 4@N-C NPs immobilized on a PVDF membrane are shown
in Fig. 3. While the original PVDF membrane is porous, smooth, and
white in color, the Moy »,Nip 4@N-C/PVDF membrane becomes rough
and uniformly black in color, indicating a uniform distribution of the
Moy 7Nip 4@N-C NPs on the PVDF scaffold (Fig. 3a). Fig. 3b, c present
top layer and cross-sectional pore structure of the membranes casted by
Moy 27Nig 4@N-C NPs. It can be clearly observed that Mog 57Nig 4@N-C
was present on the membrane surface and inner pores, which enables
facile transport and penetration of catalytic reactants to the active
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f 50pum '

Fig. 3. Characterization of Moy »,Nip 4@N-C/PVDF membrane: (a) Digital photographs; (b) FE-SEM top view; (c) FE-SEM cross-sectional view; (d) AFM 3D surface

image; (e, f) EDS mapping from FE-SEM top and cross-sectional view.

surface without suffering from high mass-transfer resistance. During the
membrane formation process, Mog o;Nip4@N-C NPs acted as pore
forming centers, precipitated more slowly, and thus remained presence
in the surface layer. Incorporation of NPs is recognized to improve pore
formation and increases membrane hydrophilicity. EDS mapping ana-
lysis reveals that nickel is uniformly attached on the membrane surface
(Fig. 3e, f). Such a unique structure may find applications in fast
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Fig. 4. (a) Comparison of the catalytic performance of samples under different conditions. (b) Decay of the UV-vis spectra of the Cr

catalytic reduction of contaminants. AFM indicates that Mog 5,Nig 4@N-
C NPs have high surface roughness (R, = 77.2nm and Ry = 102nm)
(Fig. 3d). The high roughness could increase the efficient contact area,
which “led to the enhancement of the Cr"' reduction. Totally,
Moy,27Nig 4@N-C NPs could improve the microstructure and influence
the hydrophilicity of PVDF membranes.
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NiMoOs/PVDF, and Mo »7Nio 4@N-C/PVDF membranes. Experimental conditions: [Cr''] = 10 mg/L, [FA] = 0.468 M, T = 25 °C, without pH adjustment.
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3.2. Catalytic evaluation

The catalytic activity of the membranes was studied by the Cr"'
reduction with FA as the reducing agent (Fig. 4a). We monitored the
reaction progress by tracking the characteristic absorption of Cr'! at
350 nm, originated from the ligand (oxygen) to metal (Cr'") charge
transfer (LMCT) [11,26]. Less than 7.9% of Cr"' reduction by FA alone
indicated that the Cr'" reduction by FA without metal catalysts was
negligible. A control test using only Mog »,Nip4@N-C membranes
showed that less than 4.7% of Cr"" could be adsorbed onto the surface
in the absence of FA. Remarkably, nearly 100% of Cr"! could be reduced
within 180 min in the presence of Mog 2,;Nip4@N-C/PVDF and FA.
Thus, the catalytic property of the catalyst is crucial for efficient re-
duction of Cr'%. Typically, the absorbance intensities of Cr'! at 350 nm
decreased successively after the introduction of Mog »,Nig 4@N-C/PVDF
into the mixture solution containing Cr'" and FA, and the color of the
suspension solution changed typically from yellow to colorless with
increasing reaction time, confirming the complete reduction of Cr'" to
cr'™ [4] (Fig. 4b,c). To confirm the presence of Cr'", addition of suffi-
cient NaOH in the colorless solution produced a color change from
colorless to green (Fig. S3). It is known that FA is regarded as a hy-
drogen donor for Cr'" reduction. Namely, FA is firstly decomposed to H,
(HCOOH — H, + CO,), which acts as the direct reducing agent for
CrY! reduction [11]. The improved catalytic activity of Mog »;Nig 4@N-
C/PVDF is largely attributed to its superior catalytic ability towards the
decomposition of FA. In contrast, MoOs/PVDF NiO/PVDF, and
NiMoO3/PVDF presented poor catalytic activities under the same con-
ditions (Fig. 4d).

The reusability of Mog 3;Nig 4@N-C/PVDF membrane was per-
formed under identical conditions. Very interestingly, no significant
loss in reduction ability of Mog »,Nip 4@N-C/PVDF membrane was ob-
served after five recycling tests (Fig. 5). The reduction efficiency of
Moy 27Nip 4@N-C/PVDF membrane slightly decreased from nearly
100% to 82.3% in the five-cycle run, which was indicative of its high
stability, even if compared with documented Pd-based catalysts [27].
From the XPS analyses (Fig. 6b), we found that trace amount of Cr** and
Cr'™ species existed on the surface of the used Mog »,Nig 4@N-C/PVDF
catalysts. It is sure that the slight decrease in removal capacity can be
ascribed to incomplete desorption. In view of high efficiency, cost-ef-
fectiveness, and good stability, the Mog 5,Nig 4@N-C/PVDF membranes
are promise materials for the fast removal of Cr'' from aqueous solu-
tions.

For the better illustration of the above-proposed reduction of Cr"" to
Cr'™, XPS analysis of the fresh and used Mog ,Nig 4@N-C/PVDF cata-
lysts was carried out. Fig. S4 displays the spectra of Mo 3d, Ni 2p, C 1s,
N 1s and O 1s in the fresh and used Mog »,Nig 4@N-C/PVDF samples.
Fig. 6a shows a new peak occurring around the binding energy of
580 eV on the used sample. Further, the individual XPS scan for Cr 2p
(Fig. 6b) shows the lowest binding energy band at 576.8 eV (Cr 2p3,»-
low) as well as the low Cr 2p;,» component at 586.4 eV are correlated
with the existence of Cr'™ species. In addition, the higher Cr 2p;,, band
at 578.2eV and the Cr 2p,,» peak at 590.2 eV expose the presence of
higher oxidation state Cr species, associated with Cr"’. From the above,
the accumulation of Cr'™™ on the surface of Mog »,Nio 4@N-C/PVDF after
the reduction of Cr'! can be concluded, which is very similar to a
previous report [23]. That means the above evidence supports our
proposed mechanism on the reduction of Cr'' to Cr' over the
Moy 27Nig 4@N-C/PVDF composite. In addition, there are two peaks for
the C 1s spectra (Fig. S4c) in both the fresh and used Mog »7Nigp 4@N-C/
PVDF samples: 284.8 eV assigned to C—C/C=C, and 289.3 eV assigned
to C=0 [28]. However, new peaks consisting of O=C (287.5eV) and
C—O (285.9eV) appeared after the reduction reaction. The results
suggested that the C=C bonds in Mog »,Nig 4@N-C were oxidized to
C—0 and C=O0 by cr¥!, and that Cr'™ ions were produced (Eq. (1))
[29,30]. XPS spectra of Mo 3d, Ni 2p, C 1s, N 1s and O 1s in Fig. S4
show almost no changes after the reaction. The above results indicate
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that Mog »7Nig 4@N-C/PVDF is truly stable and robust for practical and
perspective applications.
CrVl(aq) + Carbon(s) — Cr''(aq) + Carbon—O(s) €D)
According to the above studies, the influences of the textural
properties and compositions of the Mo,Ni,@N-C/PVDF materials on the
highly catalytic activity were comprehensively analyzed. The catalytic
Cr¥! reduction curves of Mo,Ni, @N-C/PVDF obtained at different mass
ratios of Mo/Ni are shown in Fig. 7a. Fig. S5 shows the XRD patterns of
these samples. The crystal Ni, Mo,C contents, and graphitization degree
were influenced by the introduction of Ni salts. Catalytic performance
increased with the increased mass ratios of Mo/Ni up to 0.27:0.4 and
decreased thereafter. It is quite interesting to note that the reduction
process was fitted well with the pseudo-first-order reaction and the
corresponding kinetic constants (k,ps) were given in Fig. 7b. In addi-
tion, the half-life t; », defined as the related time at which half of the
initial Cr¥" was degraded completely, can be obtained using Eq. (2):
b= ln(z)/kobs (2)
Table 1 shows the parameter values estimated for the pseudo-first-
order model applied to the experimental data. No noticeable adsorption
of Cr'! on any MoNi,@N-C/PVDF was observed (Fig. S6), indicating
that the decrease in Cr"' concentrations was due to the catalytic re-
duction of Cr¥" not to adsorption on the particles. Therefore, it is con-
cluded the change of the mass ratios of Mo/Ni remarkably influences
the catalytic activity, attributing to the distinct differences in the cat-
alyst structures (such as metal content, nitrogen content, nitrogen type,
and carbon structure). These results clearly suggest that the mass ratio
of the precursors could play a crucial role in the Cr'" reduction.
Furthermore, the roles of metallic Ni NPs and Mo,C were also in-
vestigated (Fig. 7c, d). With only Ni modification, XRD pattern (Fig. S7)
confirms that MogNi, 4@N-C contains graphite and metallic Ni (JCPDS
No. 04-0850). With only molybdenum modification, XRD pattern con-
firms that Mo, ;Nip@N-C contains graphite, MoO3; (JCPDS No. 21-
0569), 3-Mo,C (JCPDS No. 35-0787), MoO, (JCPDS No. 78-1073) and
MosNg 76 (JCPDS No. 65-6236). The catalytic activity suggests that
Moyg 27Nig 4@N-C/PVDF is also much better than MogNiy 4@N-C/PVDF
and Moy »7Nip@N-C/PVDF, which can be inferred that the greatly high
activity of the Mog 27Nig 4@N-C/PVDF materials mainly depended on
the co-modification of molybdenum carbide and Ni. The mass ratio of
Mo/Ni in Mo,Ni,@N-C/PVDF was kept at 0.27:0.4 in all of the fol-
lowing experiments.
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Fig. 5. Recycle experiments for crV! solution using Moy »7Nip 4@N-C/PVDF and
FA. Experimental conditions: [Cr'"] = 10 mg/L, [FA] = 0.468M, T = 25°C,
without pH adjustment.
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Table 1

Kinetic rate constants for the Cr¥* reduction in the presence of FA and Mo,Ni,@
N-C/PVDF catalysts prepared at different mass ratios of Mo/Ni .

Catalysts

Moy, 27Nip.1@N-C/PVDF
Moy.27Nio.4@N-C/PVDF
Moy 27Nip s@N-C/PVDF
Moyo.27Ni; 6@N-C/PVDF
Moy 27Ni3 0@N-C/PVDF
Moyg.27Nip@N-C/PVDF
MooNig 4@N-C/PVDF

R? Kobs (min 1) t1/2 (min)
0.972 0.0119 58.2
0.996 0.018 38.5
0.982 0.01 69.3
0.995 0.013 53.3
0.994 0.012 57.8
0.923 0.006 115.5
0.996 0.0125 55.5

@ Experimental conditions: [Cr'"] = 10 mg/L, [FA] = 0.468M, T = 25°C,

without pH adjustment.

3.3. Effects of reaction parameters on Cr"" reduction efficiency

The optimal sample of Mog ,Nig4@N-C/PVDF was selected to
study the influences of several critical factors, such as initial FA con-
centrations, Cr'! concentrations, reaction temperatures, initial pHs, and
HCOONa concentrations on catalytic reduction of toxic Cr'" to Cr'™. An
increase in FA concentrations (0.117-0.702 M) had a positive effect on
Cr"! reduction efficiency, ascribing to the formation of more amount of
reactive species during the reaction (Fig. 8a and Table S1). The re-
duction rate gradually increased with FA concentrations, but not line-
arly. Hence, an optimized FA concentration was taken at 0.468 M.
Fig. 8b and Table S1 show that the Cr"' reduction rate decreased
quickly with increasing initial Cr¥' contents. Within 120 min, total
elimination of Cr'! for the concentrations of 5, 10, 15, 20, and
25mg L~ could reach about 99.4%, 88.4%, 57.6%, 53.6%, and 52.6%,
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respectively. The intractability at the higher initial concentrations may
be ascribed to the limited dosage of FA and the coverage of excess Cr
ions on the active sites of the catalyst.

A recent report has pointed out HCOONa as a promoter can enhance
the rate of formic acid decomposition [31]. The catalysts can liberate
H, not only from FA but also from HCOONa through a catalytic hy-
drolysis (HCOONa + H,0 — H, + NaHCOs3). For this reason, we per-
formed a control experiment to check the HCOONa effect on reduction
rate. As shown in Fig. 8c and Table S1, Cr'" reduction was remarkably
inhibited and reduction efficiency decreased from nearly 100% to
46.2% at HCOONa concentrations from 0 to 0.20 M, attributing to
HCOONa competition with Cr"" for the active sites of Mog 5,Nig 4@N-C/
PVDF, different with the reported literature [31]. Such an impact may
be due to two aspects. Since the Cr'' species were adsorbed by the
surface sites of the Mog»;Nig4@N-C/PVDF composite primarily
through ion exchange and electrostatic interaction, other anions would
potentially be strong competitors [13].

Fig. 8d and Table S1 present the pH effect on the Cr'" reduction
efficiency over a range of pH values from 2.12 to 5.43. The pH of the
dichromate solution was 4.94. After the addition of FA, the pH of the
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solution decreased to 2.12. In this case, FA maintains the pH of the
reaction mixture and behaves as a reducing agent. At pHs of 2.12, 3.01,
4.01, and 5.43, Cr"! reduction after 180 min reached 99.7%, 81.3%,
51.9%, and 48.4%, respectively. Cr'" reduction decreased with the rise
in the solution pH, consistent with several reports [32,33]. The pH
dependence of Cr'' reduction is mainly related to the ion cr'h
chemistry in the solution. In aqueous solutions, Cr¥! dominatingly exists
anionic species HCrO, under acidic conditions. It is believed that the
charge and charge distribution on the reaction, and dissociation of the
hydrogen donor will also be affected by pH. Therefore, it could suggest
that a higher pH gave the surface of Mog »yNip 4@N-C/PVDF less ne-
gative charges, which could greatly weaken the electrostatic interaction
between the composite and HCrOj anions, thus leading to the drama-
tically decreased reduction efficiency [13,34,35].

The effect of temperature was also investigated in the Mog 5,Nip 4@
N-C/PVDF catalyzed reduction of Cr'' by performing a series of ex-
periments at various temperatures in the range of 15-55 °C (Fig. 8e and
Table S1). It was found that the Cr"! reduction rate increased quickly
with the increase of reaction temperature, which demonstrates the
endothermic nature of the reduction process. The ks values are used to



Y. Yao et al.

obtain Arrhenius plots (Fig. 8f) to calculate activation energy. The ap-
parent activation energy (E,) was estimated to be 29.9 kJ/mol, which is
similar to the reported activation energy of Pd@SiO»-NH, (25.9kJ/
mol) [36], Pd@y-Al,O3 (76.2kJ/mol) [9] and PA@TMV (27.3 kJ/mol)
[10] catalysts for the same reaction. Considering the low cost and re-
latively high activity, Mog »7Nip 4@N-C/PVDF is a promising catalytic
material for environmentally friendly reduction processes.

3.4. Reaction mechanism

On the basis of the above analyses, a mechanism on the Cr"’ re-
duction could be proposed and shown in Fig. 9. In the solution, Cr""
exists in a soluble anionic form HCrO, . The positively charged surface
of MoNi,@N-C/PVDF could effectively adsorb Cr'' ions mainly
through ion exchange and electrostatic attraction. In addition, FA was
enriched on the surface of the Mo,Ni,@N-C by simple electrostatic at-
traction. Cr¥! and FA in the solution were effectively transferred to the
Mo,Niy,@N-C NPs loaded on the porous PVDF membranes. After that,
FA underwent a dehydrogenation decomposition pathway to produce
CO, and H, [28,29]. MosNiy,@N-C NPs are favorable to hydrogen
evolution reaction due to their high efficiency [37,38]. First, a proton
associates an electron and attaches on the catalyst surface (x) (Eq. (3)).
After that, the adsorbed H tends to form H via the Heyrovsky or Tafel
route, and sequentially desorbs. The Heyrovsky route is referred to the
reaction of the adsorbed H with a hydrated proton and receiving an
electron from the catalyst surface (Eq. (4)), while the Tafel route is
related to the direct combination of two adsorbed H atoms (Eq. (5))
[16]. In the presence of electron donating acids, the transformation of
Cr'! to less toxic Cr'™ by the free hydrogen atom occurs and can be
described by Eq. (6) [39]. In other words, the reduction step involves an
electron-transfer process. For noble metal-based catalysts, Ni® and
Mo,C have a strong enrichment capacity for hydrogen molecules, which
can enhance the formation of atomic hydrogen [30].

H;0* + e~ ¥ —» H* + H,0 3
H;0* + e~ + H* > H, + H,0 (€]
H* + H* —» H, (5)
Cp0; + 8H* + 3H, — 2Cr'! + 7H,0 (6)

The following aspects can explain the improved catalytic activity

Transfer process
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and stability of MoNi,@N-C/PVDF membranes towards the Cr"' re-
duction. First, metal-based nanocatalysts with a stable support provide
enlarged active surface area, and more active atoms on the membrane
surface, resulting in the enhancement of their catalytic activity. Second,
the presence of porous structure of MoyNi,@N-C/PVDF membranes
enables facile transport and penetration of the reactant molecules to the
active surface and to effectively capture Cr'' from the external en-
vironment without suffering from high mass-transfer resistance. Third,
the synergistic effects amongst Ni°, Mo,C, doped nitrogen, and oxygen
groups as catalytic active sites effectively improve the catalytic activity
and recyclable capability for Cr! reduction performances. In addition,
it is noteworthy that the Mo,Ni,@N-C surface with a plenty of oxygen-
containing groups such as carbonyl C=0, carboxy —COOH, and hy-
droxyl —OH, and a high proportion of the sp® carbon as the electron-
transfer mediator can facilitate the electron transfer process from H, to
CrV', which may be responsible for an improved catalytic activity
[11,30]. In particular, carbon shells could not only improve electrical
conductivity, but also immobilize and protect the inner NPs from cor-
rosion and agglomeration. Therefore, inherent nanosize effect of NPs
and the porous structure of catalytic membrane could minimize the
diffusion resistance for mass transfer and benefit the sufficient contact
of reactants with the active sites, favoring the good catalytic perfor-
mance [40].

4. Conclusions

In summary, we demonstrated that a novel PVDF membrane-sup-
ported Mo,Ni,@N-C catalyst prepared by thermal treatment process
could efficiently and robustly catalyze reduction of toxic Cr'" to benign
Cr'™ using FA as a reducing agent. Hierarchical nanostructures were
formed by uniformly anchoring Mo,Ni,@N-C NPs on the PVDF mem-
branes by the phase inversion technique. Owing to the synergistic ef-
fects amongst Ni®, Mo,C, doped nitrogen, and oxygen groups as cata-
lytic active sites, and carbon shell protection of metal NPs from
leaching out, Mo,Ni,@N-C/PVDF exhibited excellent catalytic activity
and recyclable capability. The catalytic activities are closely related to
the various operating parameters, such as initial concentrations of Cr""
and FA, reaction temperatures, initial pHs, and HCOONa concentra-
tions. Comparative analysis demonstrates the MoNi,@N-C/PVDF
membranes have clear advantages over Mo,Ni,@N-C NPs because of

o0 .H: bubble

Cpm o0

VI
a1 @ Cr

Catalytic reduction mechanism

Fig. 9. Schematic illustration of the reaction mechanism for the Mo,Ni,@N-C/PVDF and FA system.



Y. Yao et al.

higher MoNi,@N-C/PVDF catalytic activity, stable performance, and
easily recycle. This work provides the cost-effective and efficient cata-
lysts for water purification and might be expected to contribute to other
important areas of environmental application. The development of this
catalytic membrane for continuous-flow reaction and separation will be
evaluated in the future.
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