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a b s t r a c t

Fabrication of selective adsorption coatings plays a crucial role in solid-phase microextraction (SPME).

Herein, new strategies were developed for the in-situ fabrication of novel cobalt-based carbonaceous coat-

ings on the nickel-titanium alloy (NiTi) fiber substrate using ZIF-67 as a precursor and template through

the chemical reaction of ZIF-67 with glucose, dopamine (DA) and melamine, respectively. The adsorption

performance of the resulting coatings was evaluated using representative aromatic compounds coupled to

high-performance liquid chromatography (HPLC) with ultraviolet detection (HPLC-UV). The results clearly

demonstrated that the adsorption selectivity was subject to the surface elemental composition of the

fiber coatings. The cobalt and nitrogen co-doped carbonaceous coating showed better adsorption selectiv-

ity for ultraviolet filters. In contrast, the cobalt-doped carbonaceous coating exhibited higher adsorption

selectivity for polycyclic aromatic hydrocarbons. The fabricated fibers present higher mechanical stabil-

ity and higher adsorption capability for model analytes than the commercial polydimethylsiloxane and

polyacrylate fibers. These new strategies will continue to expand the NiTi fibers as versatile fiber sub-

strates for metal-organic frameworks (MOFs)-derived coating materials with controllable nanostructures

and tunable properties.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sample pretreatment plays a vital role in qualitative and quanti-

tative analysis of various analytes in complex matrices [1,2]. Solid-

phase microextraction (SPME) is an ideal tool for sample pretreat-

ment because of its low solvent consumption, simple operation

and easy automation with analytical instruments [3,4]. This tech-

nique integrates sampling with sample preparation, leading to the

combined extraction and enrichment of target analytes [5]. In the

case of fiber configuration, SPME greatly depends on the nature of

the sorbent coated on the fiber substrate [6]. Therefore, the devel-

opment of novel fiber coatings is the key factor for SPME. Several

commercial coatings, such as polyacrylate (PA) and polydimethyl-

siloxane (PDMS) have been widely used in SPME. Nevertheless, the

applications of commercially available fused-silica fibers with poly-

meric coatings are subject to their fragility, relatively low ther-

mal stability, inferior solvent resistance, poor extraction selectivity,

short service life and high cost [7]. A variety of materials have been

developed as fiber coatings including carbon materials, metal ox-
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ides, polymers, layered double hydroxides, covalent organic frame-

works, metal-organic frameworks (MOFs) and their composites [8–

13].

Among aforementioned coatings, MOFs-derived carbonaceous

materials have been introduced into SPME as a group of emerging

absorbents due to their intrinsic advantages such as high poros-

ity, permanent nanoscale cavities and open channels [14]. In prac-

tical SPME applications, these MOFs-derived carbonaceous coating

materials were initially immobilized onto metallic fiber substrates

by using neutral silicone sealant or sol-gel solution as the binders

[15,16]. In these cases, the binders could cover the active sites and

lessen the adsorption ability to some extent. As compared with

conventional powdery MOFs-derived carbonaceous coatings, the

self-supported coatings grown on the fiber substrates are more de-

sirable as they could avoid the addition of organic binders and en-

sure the seamless contact between coating materials and fiber sub-

strates, leading to the improvement of the surface adsorption per-

formance by adjusting the morphology and microstructure [17,18].

This new strategy for the in-situ conversion of MOFs into carbona-

ceous materials on the metallic fiber substrates is further needed

to be exploited in practical SPME applications.

https://doi.org/10.1016/j.cclet.2021.10.007

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Recently, more and more studies have demonstrated that

MOFs, particularly zeolitic imidazolate frameworks (ZIFs), are one

type of ideal sacrificial precursors for synthesizing metal/metallic

compounds/N-doped carbonaceous materials via high-temperature

pyrolysis strategy [1,19,20]. Furthermore, they are also regarded

as versatile templates for the derivation of carbonaceous materi-

als through chemical reaction of ZIFs with organic carbon precur-

sors [21–23]. In this work, the Co coating was electrochemically

deposited on the nickel-titanium alloy (NiTi) fiber substrate as Co

ion sources for subsequent electrochemical in-situ growth of ZIF-

67 on the NiTi fiber substrate. By choosing ZIF-67 as a precursor

and template, multiple ZIF-67-derived carbonaceous coatings were

in-situ fabricated on the superelastic NiTi fiber substrate through

the reaction of ZIF-67 with glucose, dopamine (DA) and melamine,

respectively. The adsorption performance of the resulting coatings

with different elemental compositions was evaluated using typical

chlorophenols (CPs), phthalic acid esters (PAEs), ultraviolet filters

(UVFs) and polycyclic aromatic hydrocarbons (PAHs) as model an-

alytes coupled to HPLC-UV.

The detailed fabrication processes were presented in Support-

ing information. The bare NiTi wire was pretreated prior to use.

As shown in Fig. S1 (Supporting information), the bare NiTi wire

demonstrated relatively smooth surface with some microcracks at

high magnification (Figs. S1a and b). A native surface passivation

layer was present according to the contents of Ni, Ti and O ele-

ments (Fig. S2a in Supporting information). After acid treatment,

the sparse particle coating appeared (Figs. S1c and d) and only Ni

and Ti elements were detected at the surface of the pretreated NiTi

wire (Fig. S2b in Supporting information), indicating that the sur-

face passivation layer was removed. As shown in Figs. S1e, S1f and

S2c (Supporting information), Co nanoflakes were electrochemi-

cally grown on the pretreated NiTi wire, resulting in the fabrica-

tion of the NiTi@Co fiber. Subsequently the Co coating was elec-

trochemically in-situ anodized. In this case, Co2+ was generated

via the anodic dissolution of the Co coating, and then coordinates

with 2-methylimidazole (2-MIM) in the electrolyte. The magnified

SEM image (Fig. S1h) clearly demonstrated the tetrahedral cone-

shaped coating with distinct facets, straight edges, and smooth ex-

terior surfaces. Energy dispersive X-ray spectroscopy (EDX) analy-

sis revealed the coexistence of C, N and Co elements with a mass

fraction of 47.99%, 20.98% and 31.03%, respectively (Fig. S2d in Sup-

porting information). This result indicated that ZIF-67 was success-

fully formed on the NiTi@Co fiber, in good agreement with its sto-

ichiometric ratio [24]. As compared with that needed time for the

growth of ZIF-67 in ethanolic solution [25], the time for the elec-

trochemical in-situ growth of ZIF-67 on the NiTi@Co fiber is greatly

reduced from 32 h to about 11 min, indicating that the electro-

chemical in-situ transformation of Co into ZIF-67 possesses advan-

tage of much less time consumption.

Polydopamine (PDA) has been identified as an appealing coat-

ing on ZIF surface due to its facile polymerization, sufficient N

content and abundant active groups [21]. In the presence of DA,

the catechol groups of DA coordinate with Co2+ of ZIF-67, and the

released 2-MIM with Lewis base groups triggers the formation of

PDA, dispensing with the need for the introduction of alkali. Fig. 1

presented the SEM images of the fabricated coatings after ZIF-67-

triggered polymerization of DA and after pyrolysis. When coated

with PDA, the surface of the fiber coating became coarse accom-

panied by the appearance of distinct nanoparticles with high spe-

cific surface area. As can be seen from corresponding EDX signals

and data in Fig. S3a (Supporting information), the O element ap-

pears, indicating that PDA was successfully formed on the surface

of ZIF-67. After pyrolysis in N2 atmosphere (Fig. 1b), the result-

ing coating showed similar morphology to that of the ZIF-67@PDA

coating. EDX analysis in Fig. S3b (Supporting information) also re-

vealed that the Co and N co-doped (Co-NC) coating was derived

Fig. 1. SEM images of the Co@ZIF-67@PDA (a) and the Co-NC (b) coatings.

Fig. 2. SEM images of the fiber coatings at low (× 20,000) and high magnification

(× 50,000) after the reaction of ZIF-67 coating with glucose (a, b) and after pyroly-

sis (c, d).

from direct pyrolysis of the ZIF-67@PDA coating. As a result, the

resulting fiber was denoted as the NiTi@Co-NC fiber.

Glucose also had a significant effect on the morphology of ZIF-

67. As shown in Fig. 2, the ZIF-67-derived coating exhibited a

porous structure after the hydrothermal reaction of ZIF-67 with

glucose (Figs. 2a and b). This result can be attributed to the etch-

ing and polymerization of glucose [22]. In the initial stage of the

hydrothermal reaction, the oxidation of glucose generates acids

which can etch the ZIF-67 crystal. Subsequently the decomposed

ZIF-67 reacts in-situ with the glucose-derived polymers, forming a

composite layer. Simultaneously the hydrolysis of Co2+ from the

decomposed ZIF-67 would further decrease the solution pH and

accelerate the etching of ZIF-67 [26]. As can be seen from Fig.

S4a (Supporting information), the disappearance of N element sug-

gested that ZIF-67 was completely decomposed. Thereafter, the hi-

erachical porous coating was derived from direct pyrolysis in N2

atmosphere and the resulting coating inherited the porous mor-

phology of the former (Figs. 2c and d). Corresponding EDX analysis

confirmed that the resulting coating was composed of C, O and Co

elements with a mass fraction of 10.03%, 15.32% and 74.65%, re-

spectively (Fig. S4b in Supporting information). In this case, the

porous Co-doped carbonaceous (Co-C) coating was achieved on

the NiTi fiber substrate using ZIF-67 as a precursor and template

through the chemical reaction of ZIF-67 with glucose. The result-

ing fiber was denoted as the NiTi@Co-C fiber.

The influence of melamine on the morphology of the ZIF-67

coating was further examined. As shown in Fig. S5a (Supporting in-

formation), the similar surface morphology was obtained by in-situ

reaction of ZIF-67 with melamine compared to that of the ZIF-67

coating (Fig. S1h). According to EDX data in Fig. S5b (Supporting

information), the N content greatly increased, and the C content

remarkably decreased in the resulting coating, while the Co con-
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Fig. 3. Typical chromatograms of SPME-HPLC with the NiTi@Co-NC fiber (a) and

the NiTi@Co-C fiber (b) for PAHs, UVFs, CPs and PAEs.

tent slightly changes compared with that of ZIF-67 (Fig. S2d). This

result indicates that another novel Co and N co-doped carbona-

ceous coating was formed on the NiTi fiber substrate. However, in

practical SPME application, the resulting coating was easily peeled

off. The fabricated fiber was not suitable for SPME. Therefore, this

fiber was not discussed further in subsequent study.

The adsorption performance of the fabricated carbonaceous

coatings was compared using CPs, PAEs, UVFs and PAHs as model

analytes. As can be seen in Fig. 3, the NiTi@Co-NC fiber exhibited

higher adsorption capability for UVFs than for PAHs (Fig. 3a). On

the contrary, the NiTi@Co-C fiber showed higher adsorption capa-

bility for PAHs than for UVFs (Fig. 3b). However, these carbona-

ceous coatings exhibited almost negligible adsorption capability

for hydrophilic CPs and PAEs, indicating that the NiTi@Co-NC fiber

could be used as a potential fiber to adsorb UVFs and the NiTi@Co-

C fiber could be used for selective adsorption of PAHs.

The adsorption performance of the NiTi@Co-C and the NiTi@Co-

NC fibers was further compared with the commercial PDMS and

PA fibers for the extraction of PAHs. According to Fig. S6 (Sup-

porting information), the NiTi@Co-C fiber exhibited better adsorp-

tion capability for the studied PAHs compared to the NiTi@Co-

NC fiber. This result indicated that the N-deficient Co-C coating

is more hydrophobic with better adsorption selectivity for PAHs.

The hydrophobic interaction [25], electron donor-acceptor interac-

tion [27] and the π-π interaction between PAHs and the Co-C

coating [28] may be responsible for its high adsorption capacity

of the NiTi@Co-C fiber for PAHs. The adsorption properties of car-

bonaceous coatings are enhanced due to N-doping into the car-

bonaceous structure [29]. This may be caused by the nitrogen-

containing groups that increase the polarity of the carbonaceous

coating surface [30]. Therefore, N-doping can modify the elemen-

tal composition of the carbonaceous coatings and tailor the hy-

drophilicity and hydrophobicity of the carbonaceous coatings at

the same time. As compared with commercial PDMS and PA fibers,

the NiTi@Co-C fiber and the NiTi@Co-NC fiber also exhibited higher

adsorption capability than the PDMS fiber (except for Phe) and the

PA fiber for the studied PAHs. In particular, the recoveries from

92.3% to 94.1% and 91.7% to 93.5% were achieved for spiking wa-

ter at the level of 50 μg/L after 120 cycles of adsorption and des-

orption for the NiTi@Co-C and NiTi@Co-NC fibers, respectively. As

a result, the fabricated fibers also presents high recycling stability

in practical SPME application.

In this work, new strategies were developed for the fabrica-

tion of multiple Co-based carbonaceous coatings through the reac-

tion of ZIF-67 with glucose, DA and melamine under different con-

ditions. Different procedures would result in different morpholo-

gies and elemental compositions of the carbonaceous coatings, and

greatly affected their adsorption capability and potential adsorp-

tion selectivity. It was found that the NiTi@Co-NC fiber showed

better adsorption selectivity for less hydrophilic UVFs, whereas

the NiTi@Co-C fiber exhibited higher adsorption selectivity for hy-

drophobic PAHs. In particular, the NiTi@Co-C and the NiTi@Co-NC

fibers present higher mechanical stability and better adsorption

performance for PAHs compared to the commercial PDMS and PA

fibers. Moreover, the template-directed fabrication of the carbona-

ceous coatings could be precisely controlled. These new strategies

will continue to expand the NiTi wires as versatile fiber substrates

for MOFs-derived coating materials with controllable nanostruc-

tures and tunable properties.
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