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As an important biomaterial, lactic acid (LA) widely exists in human blood and sweat. The 

development of enzyme-free LA sensors with high-sensitivity and low-cost remains a 

challenge. We present here a structure of Co-doped porous carbon film derived from zeolitic 

imidazolate framework-67 (ZIF-67) on 3D carbon frameworks through a pyrolysis process. 

The conformal coating of ZIF-67 film is realized by a combination of gas-phase and liquid 

phase growths with the assistance of an induction step from atomic layer deposited-ZnO 

nanomembrane. In the resultant hierarchical structure with large surface area, Co-doped 

porous carbon film is closely stacked and firmly attached to carbon skeleton to form Co-

doped N-containing carbon framework (Co-NCF). Therein, the Co-doped porous carbon 

provides catalytic Co nanoparticle, while the carbon skeleton bridges the individual carbon 

nanoparticle to form a conductive pathway. When adopted as an enzyme-free LA sensor, the 

Co-NCF composite exhibits excellent electrochemical sensing property in terms of an 

ultrahigh sensitivity of 1108 μA mM-1cm-2 at a liner range from 0.1 to 1 mM with a limit of 
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detection of 13.7 μM. This work, therefore, presents an efficient strategy to prepare porous 

carbon structures toward new electrode materials in promising biomedicine systems.

* Corresponding authors.

E-mail address: gshuang@fudan.edu.cn (G. S. Huang); zbao@tongji.edu.cn (Z. H. Bao).
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HIGHLIGHTS 

 A new strategy to induce the 3D assembly of MOFs on organic substrates.

 Combination of gas phase and liquid phase growths leads to firm attaching.

 Hierarchical 3D structure with vast active sites for high sensitivity. 
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1. Introduction

Lactic acid (LA), as one of the most important biomolecules, widely exists in the human 

body. LA can be used as a sensitive and reliable indicator of tissue hypoxia, and it is of great 

significance to the prognosis of patients [1, 2]. A traditional blood LA test requires a puncture, 

and patients are commonly required to go to a hospital for the test. Although the concentration 

of LA in other body fluid is lower than that in blood, the proven accuracy and undoubted 

convenience still make highly sensitive LA sensors meaningful in noninvasive tests [3-5]. So 

far, detection of LA has been realized by several approaches, such as methods of chemically 

oxidizing lactate, spectrophotometric detection of acetaldehyde, and chromatographic 

methods [4, 6, 7]. On the other hand, other techniques use the enzyme kits or biosensors 

involving enzymes in the detection of LA and by doing so these techniques have replaced the 

chemical methods in many clinical and analytical laboratories [7, 8]. However, the nature of 

instability and the high cost of LA enzymes limits the wide applications of these biosensors [9, 

10]. Enzyme-free electrochemical sensor, on the contrary, has become an ideal alternative 

technique in the clinic and medical-related area [11-13].

The core of the enzyme-free electrochemical sensor is the electrode materials [14, 15]. 

Generally, materials or structures with large surface area, abundant porosity, good 

conductivity, and high catalytic activity are viewed as promising electrode materials for 

sensors [14]. Metal-organic frameworks (MOFs) are a series of novel nanoporous materials 

composed of metal ions together with organic bridging ligands [16], and have drawn 

tremendous attention in a large variety of fields [17, 18]. So far, due to their favorable 

advantages like outstanding nanoscale porosity, extremely large specific surface areas, and 

excellent thermal stability, MOFs show great potential in biosensing [19-21]. Especially, 

zeolitic imidazolate frameworks (ZIFs) are a new class of MOFs with extended three-

dimensional structures constructed from tetrahedral metal ions (e.g., Zn and Co) bridged by 
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imidazolate [22]. Cobalt-based zeolitic imidazolate framework-67 (ZIF-67) is an important 

subclass of ZIF, which is assembled of Co ions and imidazole frameworks [23]. Plenty of 

researches have confirmed the high catalytic property of the Co component in ZIF-67 [24-26]. 

For instance, Xu et al.[27] proposed a novel strategy to grow high catalytic ZIF-Co, Zn thin 

film on ZnO nanowire array for high-performance gas sensor. Due to its unique structure, the 

fabricated gas sensor shows enhanced selectivity of acetone to humidity, accelerated response 

and recovery behavior, and decreased working temperature. In addition, ZIF-67 also displays 

the outstanding stability of inorganic zeolites and the general advantages of MOFs including 

large surface area, high porosity, and high active sites [28]. ZIF-67 also can be converted into 

Co-doped porous carbons during the pyrolysis process, resulting in great electrochemical 

performance [29]. Generally, ZIF-67 is considered to be an ideal start material towards 

enzyme-free biosensors. However, narrow pore size distributions and poor conductivity 

hinder the enhancement of electrochemical performance [18]. Several approaches have been 

developed to integrate MOF nanoparticles on conductive networks to form hierarchical 

structures [30, 31]. Unstable structure of resultant MOF-based composites and poor 

homogeneity, as well as weak attaching to networks, limit their practical applications [32, 33]. 

Recently, great work has been done by growing ZIFs on foam [34, 35]. For instance, Lin et 

al.[35] adopted a one-step method to prepare a MOF-derived magnetic carbon sponge, and 

used it for the separation of floating oil from water due to its 3D hierarchical structure with 

nanoscale porosity. However, there are still challenges to be handled, such as weak attaching 

and non-uniformity growth. Therefore, we developed an efficient strategy to integrate ZIF 

film on the flexible conductive substrate via the assistance of atomic layer deposition (ALD) 

[23, 36, 37]. ALD can deposit a uniform and conformal oxide nanomembrane with highly 

controllable thickness on various substrates, including metal, Si wafer, carbon materials, and 

polymer. Due to the gaseous deposition, the nanomembrane can uniformly grow on complex 

3D structures [38]. Through the combination of gas phase and liquid phase reaction, oxide 
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nanomembrane can be converted into the target ZIFs structure, uniformly and firmly attached 

to the substrates. Three major advantages of this ALD-based approach are noted. Firstly, firm 

attaching with the substrates endows the composites with excellent structural stability. 

Secondly, uniform and conformal growth avoids the aggregation of particles. Thirdly, the 

advantages of ALD make this method highly controllable and can be applied to different 

kinds of MOFs and substrates. The uniformity and firm attaching as well as hierarchical 

structure endow the composite with the promoted electrochemical performance [23]. 

Applications of this strategy in the biosensing field still need to be explored.

Herein, we demonstrate a structure with ultrahigh sensitivity in enzyme-free sensing. The 

structure was fabricated by growing ZIF-67 layer on ALD pre-treated melamine foam, which 

was transformed into a Co-doped N-containing carbon framework (Co-NCF) composite after 

pyrolysis. In the resultant composites, carbon film consisting of Co-doped carbon 

nanoparticles (from ZIF-67) grew on the surface of 3D fiber framework of the foam, forming 

a hierarchical structure. The carbon framework bridged carbon nanoparticles and provides 

conductive path for fast electron transportation. Close adhesion between the carbon layer and 

fiber also ensured improved structural stability. Furthermore, the stack of Co-doped carbon 

nanoparticles formed a nanoporous structure, which was beneficial to the exposure of active 

sites and electrolyte penetration. In alkaline electrolyte, the composite exhibited a high 

sensitivity of 1108 μA mM-1cm-2 at a linear range of 0.1 to 1 mM with a limit of detection 

(LOD) of 13.7 μM. We believe that this work provides a new idea to realize high-sensitive 

enzyme-free LA detection, and therefore has a great development prospect in the future.

2. Experimental Section

 Materials: The melamine foam used in the experiments was obtained from BASF basotect 

(Shanghai, China). Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 2-methylimidazole (2-MI), 

and nafion (5 wt.%) were purchased from Aladdin Ltd. (Shanghai, China). Lactic acid (AR, 
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≥99.5%) was obtained from Sinopharm Chemicals. Methanol (AR, ≥99.5%) was obtained 

from Sinopharm Chemicals and ethanol (AR, ≥99.7%) was purchased from Titan Ltd. All the 

reagents were used as received without further purification. The DI water used throughout all 

experiments was purified through a Millipore system.

ZnO nanomembrane deposited by ALD: ZnO nanomembrane on foam was prepared 

through ALD-based technology reported in our previous study [23]. The deposition of ZnO 

nanomembrane on the exposed surface of foam was performed at 150 oC in a homemade 

reactor. Diethylzinc (DEZ) and DI water were used as precursors. A typical ALD cycle 

included DEZ pulse (50 ms), waiting time (2 s), N2 purge (30 s), DI water pulse (30 ms), 

waiting time (2 s).

Preparation of ZIF-67 coated foam: Co(NO3)2·6H2O (1.45 g) was dissolved in the mixture 

of methanol (40 mL) and ethanol (40 mL) to form solution A. 2-MI (1.65 g) was dissolved in 

the mixture of methanol (40 mL) and ethanol (40 mL) to form solution B. Several ZnO coated 

foam blocks were then placed into a beaker containing solution A. The beaker was sealed at 

90 °C for 24 h. After cooling to room temperature, solution B was added and the mixture was 

aged at room temperature for another 24 h for the growth of ZIF-67 film. After that, the 

blocks were taken out and washed with ethanol for 3 times. The sample (named as ZIF-67 

coated foam) was subsequently dried in vacuum at 60 °C for 12 h. 

Preparation of the Co-NCF composites: The ZIF-67 coated foam blocks were heated to 

800 oC with a heating rate of 2 oC min-1 and then held at 800 oC for 2 h. The obtained Co-

NCF samples were washed with ethanol and dried at 60 oC for 12 h in vacuum.  

Structural characterizations: The morphologies of all the products were measured by 

scanning electron microscopy (SEM, Phenom Prox). The energy dispersive spectrometer 

(EDS, Oxford X-Max 80T) was utilized to analyze the composition of the sample. X-ray 

diffraction (XRD) patterns were measured by an X’Pert Pro X-ray diffractometer 

(PANalytical Co., Netherlands) equipped with Cu  radiation (λ=0.1542 nm). A 
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Quadrasorb adsorption instrument (Quantachrome Instruments) was used to perform the 

nitrogen sorption/desorption measurements. The specific surface area was calculated using 

single-point Brunauer-Emmett-Teller (BET) method. The pore size distributions were 

calculated from nitrogen sorption data using nonlocal density functional theory (NLDFT) 

methods for slit, cylinder, and sphere pores provided by Quantachrome data reduction 

software ASiQwin Version 4.01. The Raman spectra were collected from a Raman 

spectroscope (HR800, Horiba) with a 532 nm laser as the excitation source. X-ray 

photoelectron spectroscopy (XPS) analyses were made with a VG ESCALAB 220I-XL device. 

The curve fitting of all XPS spectra was accomplished using XPS Peak 4.1 software. 

Elemental analysis for Co and Zn was also carried out by using inductively coupled plasma 

(ICP) mass spectrometry.

Electrochemical characterizations: The electrochemical lactic acid sensing tests were 

evaluated on a CHI 660E (Chenhua Instrument, China) with three-electrode configuration. In 

our experiment, an Ag/AgCl (in saturated KCl solution) was used as the reference electrode 

and a graphite rod was used as the counter electrode. For cyclic voltammetry (CV) tests, the 

working electrode was prepared by pasting sample on glassy carbon electrode (diameter: 5 

mm) by using nafion (5 wt. %). For current-time (i-t) tests, the working electrode was 

prepared by fix the foam sample on graphite paper by using nafion (5 wt. %).

3. Results and discussion

The preparation process of the Co-NCF composite is illustrated in Figures 1 and S1. As 

shown in Figures 1a and 1e, 3D interconnective structure provides stable sites for the growth 

of active material. A fiber-like branch with a smooth surface can be clearly seen in the 

corresponding SEM image (Figure 1i). During ALD process, gas phase precursors penetrate 

into the deep of foam, leading to the conformal and uniform deposition of a ~50 nm-thick 
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ZnO nanomembrane on the framework (Figures 1b,1f and 1j) [23, 38]. Here, the thickness of 

the ZnO nanomembrane can be measured after high-temperature removal of the melamine 

foam in O2 (Figure S2) [39]. As shown in Figures 1f and 1j, the obtained ZnO nanomembrane 

is dense and smooth, without detectable defect, and this uniform coating of ZnO 

nanomembrane is beneficial to the nucleation of MOF film in the next solution-based growth 

step. As shown in Figures 1c, 1g, and 1k, dense ZIF-67 film can grow on the surface of the 

fiber framework uniformly. The SEM images in Figure S3 also demonstrate that the ZIF-67 

film consists of regular polyhedron particles that closely stack on the surface of the fiber. 

Almost all the exposed surfaces of foam are covered with ZIF-67 film (Figures 1g and 1k), 

indicating the effectiveness of this ALD-ZnO nanomembrane induced growth process. 

According to our previous work [23, 36], the mechanism of this growth progress can be 

described as follows. In the wet chemistry step, ZnO nanomembrane was used as both the 

induction layer and the reaction layer. Some ZnO attached firmly to the substrate, and other 

ZnO reacted with cobaltous nitrate hexahydrate to form a (Zn, Co) hydroxy double salt (Zn, 

Co-HDS, see Figure S4) [23]. After this, when the organic linker (2-MI) was added, the Zn, 

Co-HDS began to collapse and NO3- and OH- were removed to release Co2+, which 

coordinated in situ with 2-MI continuously. Zn element makes for the formation of HDS, and 

promote the anion exchange to further catalyze the formation of target ZIF-67. This process 

thus led to high uniformity and firm attaching of MOF layer. Due to the presence of =N- in 

melamine foam, the intimate attachment can be expected compared with MOF film on carbon 

substrates [23]. 

Abundant nucleation sites and strong bonds between ZIF-67 and melamine foam are 

beneficial to the firm adhesion. During the next pyrolysis process, organic linkers transform 

into carbon, and Co2+ is reduced to Co nanoparticle embedded in porous carbon [30]. In 

addition, the organic compositions of melamine foam are also converted into nanoporous 

carbon structure, and a highly conductive pathway is constructed [23]. Thus, Co-NCF 
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composite consisting of Co-doped carbon layer (from ZIF-67 layer) and carbon fiber 

framework (from melamine foam) are produced (Figures 1d, 1h, and 1l). Due to the strong 

adhesion between ZIF-67 layer and substrate, the initial polyhedron shape of ZIF-67 

nanoparticles becomes vague after the pyrolysis process (Figures 1h and 1l). The SEM images 

of Co-NCF with low magnification (Figures 1h and 1l) further illustrate the uniformity of the 

conformal coating. We also noticed that the resultant Co-NCF exhibits a light weight and the 

sample can stand on a leaf (Figure S1). In order to further investigate the elemental 

distribution of Co-NCF, EDS mapping has been measured. As shown in the Figure S5, the 

results clearly demonstrate that Co and C with high concentrations are evenly distributed over 

the surface of the composite, implying the uniform growth of ZIF-67 and corresponding 

complete pyrolysis. The negligible Zn content indicates that the consumption of almost all the 

ZnO in the conversion process. In order to probe the composition of the sample for more 

details, we also carried out ICP mass spectrometry analysis, and the results show a high Co 

concentration in the composite (Figure S6).

We also carried out additional control experiments to elucidate the factors that could 

influence the fabrication of Co-NCF. For comparison, SEM images of pure melamine foam 

before and after pyrolysis are shown in Figure S7. There is no observed morphological change 

and 3D skeleton remains well after pyrolysis, and the stability makes the structure an ideal 

supporting substrate. To further investigate the effect of pyrolysis temperature of preparing 

Co-NCF composites, we pyrolyzed ZIF-67 coated foam at 600 oC for comparison. As shown 

in Figure S8, SEM images of 600 oC-pyrolyzed composite and 800 oC-pyrolyzed composite 

display no apparent difference, and no crack can be observed in both samples. The 

phenomenon can be explained by the fact that the current approach produces firm attaching 

between the foam and the ZIF-67 layer, and the simultaneous carbonization of ZIF-67 and 

melamine foam exhibits a synchronous shrinkage.
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Figure 1. The preparation process of the composite. (a), (e), and (i) Schematic and 

corresponding SEM images of foam. (b), (f) and (j) Schematic and corresponding SEM 

images of the sample after ALD pre-treatment. (c), (g), and (k) Schematic and SEM images of 

sample after the growth of ZIF-67. (d), (h), and (l) Schematic and SEM images of Co-NCF 

composite.

In order to investigate the microstructural properties of the samples, XRD patterns of ZIF-

67 coated foam and Co-NCF composite are recorded and shown in Figure 2a. A broad 

diffraction band at ~25° indicates an amorphous nature of melamine foam. After the growth 

of ZIF-67 film, the XRD pattern shows typical sharp peaks associated with ZIF-67 (plot: ZIF-

67 coated foam), indicating the formation of ZIF-67 layer [29], and no other peak can be 

observed in XRD pattern of ZIF-67 coated foam. With the subsequent pyrolysis process, ZIF-

67 nanoparticle was transformed into an amorphous carbon matrix containing Co 

nanoparticles, as reflected in XRD pattern (plot: Co-NCF), and three diffraction peaks 

associated with (111), (200), and (220) lattice planes of Co are noticeable. In this high-

temperature process, the organic melamine foam was also converted into a carbon fiber 

framework and no distinct diffraction peak can be noticed. 
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Detailed analyses of the porous structure of the samples were investigated with the help of 

nitrogen adsorption/desorption isotherms, and the results are shown in Figures 2b and 2c. 

Both type I and type IV isotherms can be observed in ZIF-67 coated foam and Co-NCF 

composite, indicating a co-existence of micropores and mesopores in the two samples [18]. 

The micropores are inherited from the pores in MOF structure, and the stack of the MOF 

nanoparticles thus produced mesopores in MOF film. The adsorption/desorption isotherms 

also demonstrate that ZIF-67 coated foam exhibits a large surface area of ~194 m2 g-1 with a 

large total pore volume of 0.081 mL g-1. After the carbonization process, the obtained 

composite exhibits a reduced specific surface area of ~121 m2 g-1 and a total pore volume of 

0.1 mL g-1. The pore size distributions are shown in Figure 2c. ZIF-67 coated foam exhibits 

an apparent microporous structure with pore size ranging from ~1.1 to ~1.5 nm. Meanwhile, a 

weak mesopore peak at ~3.7 nm also can be seen and is attributed to the stack of the MOF 

nanoparticles. After the pyrolysis process, Co-NCF exhibits a broader micropore peak at ~1.3-

1.8 nm, and apparent mesopore peaks at ~2.7 and 3.8 nm appear. The mesopore peaks should 

originate from the additional volume caused by the shrinkage of Co nanoparticles and the 

stack of carbon nanoparticles. The summaries of the pore volume of the samples derived from 

the NLDFT are shown in the inset of Figure 2c. The volume ratio of micropores and 

mesopores in the Co-NCF composite is close to 1:2, and the value varies in the case of ZIF-67 

coated foam. The nanoporous structure of the Co-NCF composite should be helpful to the 

active site exposure and electrolyte penetration, and later we will demonstrate that this feature 

remarkably enhances the sensing performance. Raman spectra were also measured to further 

investigate the carbon structures and are illustrated in Figure S9. The ZIF-67 coated foam 

exhibit bands from the organic linker, while Co-NCF exhibit two typical bands at 1361 and 

1594 cm-1, which are ascribed to D and G bands, respectively. The D band represents the 

defects and disorders of carbon structures, while the G band describes the sp2-type carbon in 

the composite [18]. The intensity ratio of D/G is 1.02, proving the existence of the defects, 
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which is considered to be able to enhance the electrochemical activities [40-42]. In order to 

investigate the chemical state of Co element, which is closely related to the electrochemical 

properties of the sample, XPS characterization was carried out and the results are shown in 

Figures 2d and S10. The XPS survey scan confirms the presence of C, N, O, and Co (Figure 

S10), and the high-resolution Co 2p spectrum (Figure 2d) shows characteristic peaks of 

metallic Co at 779.8 (Co 2p3/2) and 795.5 eV (Co 2p1/2) [30]. In addition, the existence of 

Co-Nx peak at 783.6 eV and CoCyNz peak at 781.7 eV suggests the chemical coupling among 

Co, C, and N species, which is believed to be beneficial to improve the electrochemical 

activity [30].

Figure 2. (a) XRD patterns of ZIF-67 coated foam and Co-NCF composite. (b) Nitrogen 

adsorption/desorption isotherms of the samples. (c) The pore size distributions of ZIF-67 

coated foam and Co-NCF. The inset is the corresponding summary of micropore volume, 
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mesopore volume, and total pore volume. (d) High resolution Co 2p XPS spectrum of Co-

NCF. 

The electrochemical property of Co-NCF composite was firstly evaluated by cyclic 

voltammetry (CV) in 0.1 M NaOH aqueous solution at a scan rate of 20 mV s-1 and a potential 

range of -0.1-0.8 V. As shown in Figures 3a and S11, two oxidation peaks at ~0.27 and ~0.43 

V and two reduction peaks at ~0.1 and ~0.35 V are respectively associated with the oxidation 

and reduction process of Co-NCF composite. Attention should be paid that the current 

responses of reduction peak and oxidation peak are remarkably enhanced in the electrolyte 

with 1 mM LA, suggesting that the Co-NCF composite is able to catalyze the oxidation of LA 

to generate additional currents. Previous literature disclosed that the additional currents 

should originate from the following revisable reactions [43] : 

Co + 2OH- → Co(OH)2 +e-,                     (1)

Co(OH)2 + 2OH- → CoOOH + 2H2O +e-,                     (2)

CH3CH(OH)COOH+OH-→CH3CH(OH)COO-+ H2O                          (3) 

Co3+ + CH3CH(OH)COO- → (CH3CO)COO- + Co2+.                           (4)

In this work, the kinetics of Co-NCF are studied at different scan rates. As shown in Figure 3b, 

a successive increase in oxidation and reduction peak currents with the increase of scan rate 

indicates a well resolved controlled response of the LA. The inset in Figure 3b shows that the 

currents of both the anodic oxidation and cathodic reduction peaks increase linearly with the 

square root of the scan rates from 10 to 80 mV s-1 in 0.1 M NaOH with solution 0.5 mM LA. 

The good linear relationship indicates a diffusion-controlled electrochemical process in Co-

NCF electrode [44].
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Figure 3. (a) CV curves of Co-NCF composite in electrolyte with and without the presence of 

1.0 mM LA at a scan rate of 20 mV s-1. (b) CV curves of Co-NCF composite at different scan 

rates (from 10 to 80 mV s-1) in 0.1 M NaOH with 0.5 mM LA. The inset is the linear fitting 

results of oxidation current (for peak at ~0.3 V) and reduction current (for peak at ~0.1 V) as a 

function of the square root of scan rate. 

The sensing behavior of Co-NCF is further studied by CV characterization in 0.1 M NaOH 

electrolytes containing LA with various concentrations ranging from 0.1 to 1.0 mM. As 

shown in Figure 4a, with the increase of LA concentration, the reduction peak at ~0.1 V is 

significantly enhanced. This phenomenon can be attributed to the fact that oxidation of LA 

leads to a reduction of more Co3+, which provides an additional reduction current. In order to 

evaluate the electrochemical sensing performance quantitatively, the corresponding 

calibration plot related to the concentration derived from CV curves is shown in Figure 4b. 

The good linear character with a large slope indicates a sensitive response to target LA. The 

Co-NCF composite exhibits a high sensitivity of 1108 µA mM-1 cm-2 with a linear range of 

0.1-1.0 mM (linear regression equation: Y=0.2175*X+0.6232; correlation coefficient (R2): 

0.99). Here the sensitivity equals to SL/A, where SL is the slope of linear regression equation 

and A is the surface area of the electrode. In addition, the LOD is also calculated by using the 
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equation LOD = 3δ/S, where δ is the standard deviation of 10 parallel detections of 0.1 mM 

LA and S is the sensitivity. For current sample, the LOD of 13.7 μM is obtained. We should 

stress that the sensitivity here is obviously higher compared with other enzyme-free 

electrochemical sensors in previous reports, and a detailed list of related researches is 

summarized in Table 1. We further investigate the sensing performance of the Co-NCF 

composite by current-time (i-t) tests. Figure 4c exhibits the responses of current with 

successive addition of 5 mM LA at various applied potentials. Obviously, at a voltage of 0.5 

V, Co-NCF composite shows an apparent and stable current response. Therefore, the enzyme-

free LA sensing performance of Co-NCF composite is evaluated by i-t test at 0.5 V. Moreover, 

for comparison, Figure S12 demonstrates that pyrolyzed melamine foam shows negligible 

current response because it consists of only carbon. This further confirms the sensing function 

of the composites should originate from Co-related structures. In addition, for pyrolyzed ZIF-

67/melamine foam composite without the ZnO induction layer, unstable and low current 

response to lactic acid can be observed due to the poor structure stability like weak attaching 

and non-uniform growth (Figure S13), proving the key role of ALD-ZnO nanomembrane. 

Figure 4d illustrates i-t curve of Co-NCF with the successive addition of LA with various 

concentrations into the electrolyte. With the increasing LA concentration, apparent and rapid 

current responses can be observed, indicating the realization of real-time sensing of target LA. 

The corresponding calibration plot related to the concentration is illustrated in Figure S14. 

The good linear character with a large slope implies the high sensitivity of Co-NCF composite 

in high concentration within 2-30 mM of target LA. It should be noted, even at such high 

concentration of LA, our electrode still exhibits good linear property. The selectivity and 

stability are also important factors for practical LA sensors. To further evaluate the 

practicality of the Co-NCF sensor, the I-t curve of Co-NCF with consecutive introduction of 5 

mM LA and 5 mM NaCl, 5 mM citric acid (CA), 5 mM tromethamine (THAM), 2 mM LA, 5 

mM KCl and 5 mM LA was shown in the Figure 4e. Apparent current response with the 
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addition of target LA is noticeable, while only negligible response can be seen when adding 

the interferents, indicating the good selectivity and great anti-interference property of the Co-

NCF to target molecule. In addition, the stability of Co-NCF sensor is evaluated by testing 5 

mM LA after certain periods. When not in use, the sensor was stored in refrigerator at 4 ºC. 

The results are shown in Figure 4f. The current density of the sensor is quite stable within 7 

days, indicating a good stability. The outstanding sensing property of Co-NCF composite can 

be attributed to the following reasons. Firstly, the unique structure enhances the electron 

transfer process, which promotes real-time sensing property. Secondly, the ALD-assisted 

approach endows the samples with uniform and conformal growth of the functional layer and 

the firm attachment of the functional layer to the 3D fiber frameworks, ensuring excellent 

structural stability. The close adhesion between Co-doped carbon particles and substrates also 

prohibits the aggregation during the pyrolysis process, which enhances the catalytic activity 

and avoids the peeling off of the active materials. Thirdly, the nanoporous structure of the Co-

NCF composite helps the penetration of the electrolyte, improving the efficiency of catalytic 

oxidation. The inherited micropores and mesopores also enhance the active site exposure, 

while the macropores of the 3D framework with dimensions of hundreds of microns provide 

large vacancy volume, which maintains the separation of the conductive fiber, thereby further 

improving the efficiency of the current response. The synergy effects of carbon substrates and 

the functional carbon layer generate rapid LA oxidation ability. The low-cost preparation, 

stable and controllable structure, as well as high electrochemical sensing performance of the 

present Co-NCF composite, can be widely used in practical biomedical areas.
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Figure 4. (a) CV curves of Co-NCF composite within a potential range of -0.1-0.8 V in 0.1 M 

NaOH containing LA with various concentrations from 0.1 to 1.0 mM at a scan rate of 20 mV 

s-1. (b) Calibration plot related to the concentration derived from CV curves. (c) The 

amperometric response of Co-NCF composite with successive additions of 5 mM LA at 

different potentials. (d) i-t curve of Co-NCF with the successive addition of LA with various 

concentration in 0.1 M NaOH at a potential of 0.5 V. (e) Current responses of 5 mM LA, 5 

mM NaCl, 5 mM CA, 5 mM THAM,  2 mM LA, 5 mM KCl, and 2 mM LA at 0.5 V. (f) 
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Aging test of the sensors toward 5 mM of LA for 7 days. Inset of Figure 4f, I-t curves of Co-

NCF in 0.1 M NaOH with 5 mM LA at 0.5 V.  

Table 1. Comparison of enzyme-free LA sensors and their performances. 

Sample ID Sensitivity

µA mM-1 cm-2

Linear range 

(mM)

LOD

(µM)

Ref

Co3O4

Ni(OH)2

/

35.76       

Up to 1

0.01−32.76

6

590

[43] 

[45]

NiO250 62.35 0.01-27.27 27 [46]

polymer/MWCNTs/PVC / 0.001-100 0.73 [47]

3-APBA / 3-1000 1500 [48]

ZnO nanotetrapods 28 0.0036-0.6 1.2 [49]

 PEC biosensor 1.66 0-2.5 0.23 [50]

Co-NCF 1108 0.1-1.0 13.7 This work

4. Conclusion

The Co-NCF composite has been prepared by growing uniform and conformal ZIF-67 on 

3D polymer foam with the assistance of an induction step from ALD-ZnO nanomembrane. 

With the subsequent carbonization process, ZIF-67 was converted into Co-doped nanoporous 

carbon, and polymer foam became carbon fiber framework that loads the active materials. The 

resultant Co-NCF shows a unique structure, where a homogeneous Co-doped carbon layer 

attached firmly to conductive 3D carbon frameworks to form a functional composite. The 

interconnected conductive pathway with hierarchical structure and high catalytic Co-doped 

porous carbon film achieve remarkable LA sensing performance, i.e., high sensitivity of 1068 

https://www.sciencedirect.com/topics/engineering/biosensors
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µA mM-1 cm-2 in a linear range of 0.1-1.0 mM and a LOD of 14.3 μM. Therefore, this study 

provides a strategy for fabricating hierarchical carbon structure applicable in the advanced 

biomedicine sensing field.
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 A new strategy to induce the 3D assembly of MOFs on organic substrates.

 Combination of gas phase and liquid phase growths leads to firm attaching.

 Hierarchical 3D structure with vast active sites for high sensitivity. 
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