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ABSTRACT: Ever-evolving advancements in films have fueled ? 42650V
many of the developments in the field of electrochemical sensors. 5 YTy
For biosensor application platforms, the fabrication of metal— § |lA%3eV

organic framework (MOF) films on microscopically structured g o3V 1739 eV
substrates is of tremendous importance. However, fabrication of 2 ’ -os\:
MOF film-based electrodes always exhibits unsatisfactory perform- 3 '

ance, and the mechanisms of the fabrication and sensing

application of the corresponding composites also need to be ¢ 0.6V
explored. Here, we report the fabrication of conformal MIL-53 &

(Fe) films on carbonized natural seaweed with the assistance of an o _;
oxide nanomembrane and a potential-dependent electrochemical 0.3V

dopamine (DA) sensor. The geometry and structure of the DA Concentration
composite can be conveniently tuned by the experimental

parameters, while the sensing performance is significantly influenced by the applied potential. The obtained sensor demonstrates
ultrahigh sensitivity, a wide linear range, a low limit of detection, and a good distinction between DA and ascorbic acid at an
optimized potential of 0.3 V. The underneath mechanism is investigated in detail with the help of theoretical calculations. This work

bridges the natural material and MOF films and is promising for future biosensing applications.

KEYWORDS: metal—organic frameworks, assembled film, biosensor, dopamine, carbon-based composite

B INTRODUCTION
With the advent of the post-Moore age in recent years,

In the field of electrochemical sensing, materials with
hierarchical structures and large surface areas that are highly
conductive are likely to have superior performance.'*™"
Nevertheless, artificial multilayered and porous materials that
meet these standards are typically costlier and more difficult to
be fabricated. Therefore, researchers attempted to construct
low-cost and high-volume substrates by combining carbonized
natural materials with functional materials such as metal—
organic frameworks (MOFs)."®"” MOFs are well known for

biosensing research has increasingly intensified.'~* Among all
kinds of biosensors, effective detection of dopamine (DA) (a
catecholamine in the central nervous system related to
Alzheimer’s and Parkinson’s) is crucial for human health.’
Various detection approaches have been developed, including
high-performance liquid chromatography,” mass spectrome-

try,” spectrophotometry,® Fourier transform infrared spectros-
copy,” and electrochemical methods.'”'' Among the reliable
approaches, electrochemical methods are the most sensitive
and the simplest.12 So far, one of the major issues with
electrochemical measurements of DA stems from interference
from other biological compounds, most typically ascorbic acid
(AA), which always coexists in biological samples containing
DA. Most conventional electrodes show a lack of selectivity
due to the overlap of the DA signal with AA."> Therefore,
optimizing the sensor performance (e.g, high sensitivity and
remarkable selectivity) via tuning structural and experimental
parameters and exploring the corresponding sensing mecha-
nism are particularly important in electrochemical DA sensing.

© 2023 American Chemical Society
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their typical characteristics, including large specific surface
areas, ultrahigh porosities, and excellent thermal and chemical
stabilities.”%*! Previously, Kim et al?? detailed protocols for
synthesizing high-quality ZIF-8 and its modified forms of
hollow ZIF-8, core—shell ZIF-8@ZIF-67, and ZIF-8@meso-
stuctured polydopamine, which could be widely utilized in
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Figure 1. (a—c) Schematic of the fabrication process and SEM images of SW-C, ALD-SW-C, and Fe-HPSW-C. (d) TEM image of Fe-HPSW-C.
(e) Elemental content of Fe-HPSW-C. The inset shows the EDS mapping images of Fe-HPSW-C. Scale bar: 10 ym. (f) XRD patterns of neat SW-
C, ALD-SW-C, and Fe-HPSW-C. (g) Fe K-edge XANES spectra of HPSW-C and its references. (h) FT k*-weighted EXAFS spectra of Fe-HPSW-

C and its references. (i) WT analysis of Fe-HPSW-C and Fe foil.

electrochemical applications. Shahrokhian and co-workers
fabricated a sensitive and fast response electrochemical glucose
sensing platform based on Co-based MOFs obtained from
rapid in situ conversion of electrodeposited cobalt hydroxide
intermediates.”>** This team also prepared an electrochemical
device based on MOFs for electrocatalytic oxidation of L-
cysteine, which could benefit the fabrication of a high-
performance nonenzymatic biosensing platform.”> Huo et
al*® developed a modulator-induced strategy for fabricating
transitional MOFs with carboxylic ligands by building an
esterification reaction, and the modified Pt/solid-transitional
MOF catalyst exhibited outstanding performance in the
cycloaddition reaction. Nevertheless, preparation of uniform
MOF films on a substrate with complex geometry is still
difficult for the community. In our previous work, we
employed an effective strategy to prepare MOF films with
the assistance of oxide nanomembranes prepared by atomic
layer deposition (ALD).”” Taking the advantages of the high
uniformity, high controllability, and good conformality of
ALD, we can fabricate MOF films on three-dimensional (3D)
substrates with firm adhesion. The fabricated MOF film with
outstanding electrochemical performance may be utilized for
effective DA sensing, as demonstrated by our earlier research.”’
However, for a natural material substrate, the approach is still
facing challenges due to enormous defects and imperfections of
the substrate, and thus, effort to understand the growth
mechanism is required to realize controllable growth on a
broad range of substrates. In addition, from the viewpoint of

sensing application, further research is needed to disclose the
electrochemical properties. Performance optimization from the
aspect of a molecular redox process to achieve high sensitivity
between DA and AA also requires more research input.
Herein, we use marine biological carbon (carbonized
seaweed) as the substrate to prepare Fe-doped MOFs (i.e.,
MIL-53 (Fe)) to form the so-called Fe-doped hierarchically
porous seaweed carbon (Fe-HPSW-C) sensing electrode with
the assistance of an ALD ZnO nanomembrane. As a natural
material, seaweed-derived carbon has a random framework
structure with inherent porosity, which not only provides
electron transfer highway but also confines the target
biomolecules by its inner pores.”® On the other hand, MIL-
53 (Fe) can provide high active site exposure and many
catalytically active ions for enhancing sensitivity. During the
experiment, growth control of MOF films is achieved by
adjusting the solvent concentration and parameters of the ALD
process, and a uniform MOF film is obtained on the complex
substrate. We explore the electrochemical properties of
differently structured MOF films in detail and achieve high
sensitivity toward DA at an optimized potential. Quantitatively,
Fe-HPSW-C exhibits a good sensitivity of 2084.58 yA mM™'
cm ™ with a low limit of detection (LOD) of 0.73 uM toward
DA. Also, effective discrimination of DA and AA is also
achieved. The great sensing performance may be ascribed to
the unique composite structure with optimized geometry. In
addition, theoretical calculations are utilized to explain the
experimental phenomenon and reaction mechanism. Through
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Figure 2. Schematic illustrations of Fe-HPSW-C composites with different MIL-53 (Fe) film thicknesses. Panels (a—c) represent a thin film, a
middle-thickness film, and a thick film, respectively. Panels (i—iii) are the corresponding schematics, SEM images at low magnification, and SEM

images at large magnification, respectively.

the in-depth study of the biosensing mechanism, this work also
gives a novel notion for the preparation of nonenzymatic
sensing electrodes in biosensing-related fields, thereby
widening the application in chip-based devices.”’

B RESULTS AND DISCUSSION

Figure la—c shows the schematic demonstration and scanning
electron microscopy (SEM) images of the synthesis process of
Fe-HPSW-C. During the carbonization process in a N,
atmosphere (Figure la, SW-C (seaweed-carbonized)), the
organic components of the seaweed transform into conductive
carbon with volume shrinkage while preserving the bio-
morphology and flexibility. Then, on the surface of this
complex structure, a ZnO nanomembrane is deposited by ALD
to assist subsequent preparation of MOF film with firm
adhesion (Figure 1b, ALD-SW-C). The adhesion force
between the ZnO nanomembrane and the substrate endows
outstanding structural stability, which optimizes the whole
fabrication process. After the growth of the ZnO nano-
membrane by ALD (Figure S1, with a typical nanomembrane
thickness of 50 nm), MIL-53 (Fe) films are conformally grown
on the surface of ALD-SW-C by a liquid-phase fabrication
process, where MOF particles are assembled into a dense film
(Figure 1c). According to our previous reports, the whole
chemical reaction may possibly be concluded by the following
two equeltions27

ZnO + 2FeCl;-6H,0 — [(Zn, Fe,)(OH),]Cl,11H,0
1
[(Zn, Fe,)(OH),]Cls11H,0 + H,BDC
— 2MIL — 53 (Fe) 4+ Zn** + 6CI” + 4H* (2)

Here, the ALD process forms a multicrystal ZnO nano-
membrane (see below), which provides vast nucleation sites
for the following assembly of the MOF film. The as-prepared

MIL-53 (Fe) film tightly wraps around the 3D structure of
SW-C, forming a uniform layer. The film remains after 1 h of
ultrasonication treatment, proving firm adhesion therein. We
also grow MIL-53 (Fe) films on Si substrate with the assistance
of ALD ZnO nanomembranes. As displayed in Figure S2, the
intrinsic morphology of MIL-S3 (Fe) particles can be
observed. In this work, the morphology and structure of Fe-
HPSW-C are further investigated by transmission electron
microscopy (TEM), which confirms the polyhedral morphol-
ogy and good dispersion (Figures 1d and S3), and intimate
contact between the SW-C substrate and MIL-53 (Fe) can be
observed. Figure le shows the energy-dispersive spectroscopy
(EDS) results of the composite, clearly demonstrating C, Fe,
N, and Zn with high concentrations in the composite. The
insets of Figure le show the energy-dispersive spectroscopy
(EDS) mapping images of the elements. One can see that the
elements are evenly distributed on the surface of the
composite, implying the uniform growth of the MIL-53 (Fe)
film. To further study the structure of the samples, X-ray
diffraction (XRD) patterns of neat SW-C, ALD-SW-C, and Fe-
HPSW-C were obtained and are shown in Figure 1f. The broad
peak at 20—30° belongs to the C substrate, while peaks of Fe-
HPSW-C at 10—70° match well with the MIL-53 (Fe)
structure. Especially, three sharp peaks associated with the
(200), (—110), and (311) lattice planes of MIL-53 (Fe) can be
observed from XRD patterns of Fe-HPSW-C,**! further
confirming the successful growth of the MIL-53 (Fe) film on
the 3D substrate. In addition, it is worth noting that the
diffraction of ALD-SW-C is different from that of neat SW-C,
indicating the formation of a new phase. Here, the existence of
a multicrystal ZnO nanomembrane by ALD can be proved by
diffraction peaks at 20 = 31.7, 34.32, 36.22, 47.58, 56.58, and
62.76°, which are respectively associated with the (100),
(002), (101), (102), (110), and (103) lattice planes of
hexagonal ZnO.>
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Figure 3. (a) XPS survey scan of the Fe-HPSW-C composite. (b) Corresponding high-resolution Fe 2p XPS spectrum. (c) Raman spectra of Fe-
HPSW-C composites with different MIL-53 (Fe) film thicknesses. (d) TGA curves of Fe-HPSW-C composites with different MIL-53 (Fe) film
thicknesses. (e) Nitrogen adsorption/desorption isotherms for Fe-HPSW-C composites with different MIL-53 (Fe) film thicknesses. (f) Calculated
pore size distributions of Fe-HPSW-C composites with different MIL-53 (Fe) film thicknesses.

To gain more insights into the electronic structure and
coordination environment of the Fe atoms in Fe-HPSW-C, X-
ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectra were collected
(Figure 1g—i). From the Fe K-edge XANES normalization
diagram (Figure 1g), it can be seen that the absorption edge of
Fe-HPSW-C is located between FeO and Fe,O;, indicating
that the valence of Fe is between Fe?* and Fe’*, close to Fe*,
and thus, Fe ions can change valence with redox activity.
EXAFS spectra of Fe-HPSW-C, FeO, Fe,0;, and Fe foil
samples in the k-space are illustrated to assist analysis in Figure
S4. The Fourier transform (FT) k*-weighted EXAFS spectra
(Figure 1h) of Fe-HPSW-C shows a peak at 1.43 A,
corresponding to the scattering contribution of Fe—O, and a
peak at 2.32 A, corresponding to the scattering contribution of
Fe—C. Then, the wavelet transform (WT) analysis for the k*-
weighted Fe K-edge EXAFS signal in view of the strong
resolution (Figure 1i) is provided both in the radial distance
and k-space to clearly separate the backscattering atoms. The

12008

signal of WT related to Fe—Fe bonds has been detected in the
Fe foil (7.8 A) but not in Fe-HPSW-C, and Fe—N bonds have
been detected in Fe-HPSW-C (4.6 A), strongly indicating that
there is only atomically dispersed Fe—O/C in HPSW-C. In
addition, the extended edge of EXAFS is further fitted (Figures
SS and S6), and the paths of Fe—O and Fe—C are introduced
to confirm the concrete structure (Table S1). The Fe K-edge
EXAFS data reveal a Fe—O bond length of 1.87 + 0.02 A and a
Fe—C bond length of 2.858 A for HPSW-C, which show great
consistency with the literature values.”> These results
demonstrate the numerous coordination types in MIL-53
(Fe) and the correspondingly large number of active sites. The
redox reaction of Fe ions can be observed in the following
electrochemical tests, where the changed valence is probed by
the response current.

Currently, Fe-HPSW-C is prepared by combining hierarchi-
cally porous material (SW-C) and the ALD ZnO nano-
membrane-induced MIL-53 (Fe) film. Then, we further study
the growth of MIL-53 (Fe) in the Fe-HPSW-C composite, as

https://doi.org/10.1021/acsami.2c20517
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demonstrated in Figure 2. Figure 2a-i shows the schematic of
Fe-HPSW-C with the smallest MIL-53 (Fe) film thickness,
low and high magnifications, respectively. Due to the growth of
low-dose MIL-53 (Fe) particles on the substrate as a result of
the low-concentration solution in the liquid-phase fabrication
process, the morphology depicted in Figure 2a is nonuniform
and dispersed. The particles are incapable of effectively
wrapping the substrate and forming a film thereon. By
increasing the concentration of the solution to an optimal
value, the most suitable status is identified by observation. This
is proved in Figure 2b, where MIL-53 (Fe) particles are grown
uniformly across the substrate, forming a uniform film.
Especially at large magnification (Figure 2b-ii), the grown
film demonstrates high conformality. We further slice the
obtained Fe-HPSW-C with the MIL-53 (Fe) film of a middle
thickness (70 nm) and monitor its cross section. From Figure
S7, it can be observed more clearly that the film evenly wraps
the inner and outer walls of the SW-C. However, when the
reactant concentration is too high (ie, twice the optimal
value), MIL-53 (Fe) particles accumulate, forming a thick
coating that covers the inherent structure of the 3D substrate
(Figure 2c). To achieve more specific growth control, the
influence of ZnO nanomembrane thickness (i.e.,, ALD cycles)
is also investigated to disclose more details about the present
growth strategy. Figure S8 depicts the SEM images of Fe-
HPSW-C obtained with the assistance of different ALD ZnO
nanomembranes. To further illustrate the necessity of ALD,
substrate SW-C without the ALD ZnO nanomembrane is also
employed here for comparison. When MIL-53 (Fe) develops
on SW-C treated without the ALD ZnO nanomembrane (i.e.,
0 ALD cycle), it is nearly impossible to find MIL-53 (Fe)
particles (Figure S8a,b). Also, for SW-C processed with 100
ALD cycles (Figure S8¢c,d) and 200 ALD cycles (Figure S8e,f),
we find incomplete coverage by MIL-53 (Fe) particles.
However, after the growth of ZnO with 300 ALD cycles
(~50 nm ZnO nanomembrane), conformal growth of the
MIL-53 (Fe) layer on the surface of SW-C is seen (Figure
S8g,h).

Furthermore, the elements’ chemical states in the composite
are investigated by X-ray photoelectron spectroscopy (XPS),
which confirms the presence of Fe, O, and C (Figure 3a,b).”*
The high-resolution Fe 2p spectrum can be deconvoluted into
three peaks at 725.3, 711.4, and 715.7 eV, corresponding to Fe
2p1/5, Fe 2ps,,, and satellite species of Fe(III), respectively,”’
and the presence of Fe(Ill) is considered to be able to provide
high oxidation activity for high-performance electrochemical
applications.”® Moreover, four XPS peaks exist in the high-
resolution N 1s XPS spectrum (Figure S9), corresponding to
pyridinic-N (398.6 eV), pyrrolic-N (399.7 eV), quaternary
nitrogen (400.8 eV), and pyridine N-oxide (403 eV), which
should originate from the MIL-53 (Fe) film and the
substrate.”® To further characterize the fabricated composites,
Raman spectra of the samples with different MIL-53 (Fe) film
thicknesses were obtained over a wide range of 300—2000
cm™), and the results are shown in Figure 3c. A strong Raman
peak associated with v (C=C), a typical aromatic cyclic bond,
appears at 1619 cm™'. Also, Raman peaks at around 447, 639,
860, 1151, and 1504 cm™ are ascribed to the characteristic
vibrations of MIL-53 (Fe).”” Except for the weak signal from
the thin MIL-53 (Fe) film, none of the three spectra changed
substantially, indicating that the thickness does not have much
effect on the structure of the MIL-53 (Fe) film. The thermal

gravimetric analysis (TGA) of Fe-HPSW-C composites was
performed to estimate the thermal stability of the composites,
and the samples were heated to 800 °C in a N, atmosphere. As
illustrated in Figure 3d, at temperatures above 300 °C, a
decrease in mass, possibly caused by the loss of OH/O/F
terminated groups,38 can be seen, which proves the out-
standing structural stability of Fe-HPSW-C for applications in
a wide temperature range. In addition, the TGA results also
indicate a high Fe content in the composite, and this is
beneficial for electrochemical sensing.””*” To investigate the
pore structure of the composites, nitrogen adsorption—
desorption isotherms and corresponding pore size distributions
of samples with different MIL-53 (Fe) film thicknesses are
shown in Figure 3e,f. All of the fabricated samples demonstrate
both type I isotherms, corresponding to the microporous
structure, and type IV isotherms, corresponding to the
mesoporous structure. The results thus indicate a hierarchically
porous structure composed of micropores and mesopores in
the composite. The micropores are inherited from the pores in
the MOF structure, and the stacking of MOF particles results
in the formation of mesopores in the MOF film.*’ In addition,
the specific pore size distribution is calculated on the basis of
the Barrett—Joyner—Halenda (BJH) method, and the micro/
mesopore ratio is analyzed by nonlocal density functional
theory (NLDFT).""** The obtained results are demonstrated
in Figure 3f. Consistent with isotherms, open mesopores with
an average size of ~4 nm exist in Fe-HPSW-C with different
MIL-53 (Fe) film thicknesses, which could facilitate electrolyte
penetration.”” Also, micropores with an average size of ~2 nm
can be clearly observed in the middle-thickness MIL-53 (Fe)
film, which helps to expose the active sites.”> The detailed pore
structures of Fe-HPSW-C with different thicknesses are
summarized in Table 1. The composite with a thin MIL-53

Table 1. Specific Surface Area and Pore Size Distribution of
Fe-HPSW-C with Different MIL-53 (Fe) Film Thicknesses

total pore micropore mesopore
surface area volume volume volume
sample  (m” g™') (mL g™) (mL g™) (mL g™")
thin 193 0.17 0.061 0.109
middle 313 0.24 0.093 0.147
thick 552 0.93 0.12 0.81

(Fe) film provides a specific surface area of 193 m?* g7', as
determined by Brunauer—Emmett—Teller (BET). The com-
posite with a middle-thickness MIL-53 (Fe) film illustrates an
increased specific surface area of 313 m® g!, and the
composite with a thick MIL-53 (Fe) film exhibits the largest
BET surface area of 552 m* g™ . It is worth mentioning that the
surface area of the MIL-53 (Fe) film is smaller than that of
MIL-53 (Fe) particles,* and the difference is ascribed to the
different pore structures and stacking of MOF nanoparticles, as
mentioned above. We should stress that the hierarchically
porous structure with the large surface area of the Fe-HPSW-C
composite rni%ht play essential roles in enhancing the sensing
performance,4‘ as will be demonstrated later.

Although the sample with the largest thickness possesses the
largest pore volume and surface area, its electrochemical
property may be worse than that of the sample with the
middle-thickness MIL-53 (Fe) film. It is worth noting that
thick MIL-53 (Fe) film exhibits a volume ratio (Viesopores/
Viotal pores) of nearly 0.1, and such a large number of mesopores
will decline the electron transfer, leading to deteriorated
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Figure 4. Electrochemical performance of the Fe-HPSW-C composite with the middle-thickness MIL-53 (Fe) film. (a) CV scans at various scan
rates of 20—100 mV s™! in 0.1 M PBS (pH = 7.2) containing 5 mM K;[Fe(CN)]. The inset shows the oxidation peak current (purple line) and
reduction peak current (orange line) of Fe-HPSW-C as a function of the square root of the scan rate, derived from CV scans. (b) I—t curve of the
Fe-HPSW-C composite with the successive addition of DA in 0.1 M PBS at a potential of 0.6 V. The inset shows an enlarged image. (c) Calibration
plot where the testing potentials are 0.3, 0.6, and 0.9 V. (d) Summary of DA sensing performance of the MOF-based structure reported in the
literature published in recent years.**™>' (&) I~t curve of Fe-HPSW-C for the continuous addition of 1 mM DA, 0.1 mM KCl, 0.1 mM NaCl, 0.1
mM CA, 0.1 mM THAM, 0.1 mM LA, 0.1 mM GL, 0.1 mM AA, and 1 mM DA at 0.6 V. (f) I-t curve of Fe-HPSW-C in 0.1 M PBS with 1.0 mM
DA at 0.6 V for the 15 h stability test. The inset shows the SEM images of Fe-HPSW-C before and after the stability test.

performance. Thus, the Fe-HPSW-C composite with the
middle-thickness MIL-53 (Fe) film was investigated in most of
the following investigations. To quantitatively study the
electrochemical activity, the active area of the composite was
first investigated using K3[Fe(CN)4] as a probe. As shown in
the inset of Figure 4a, oxidation and reduction peaks can be
observed in the cyclic voltammetry (CV) scans of the electrode
(ie., the Fe-HPSW-C composite with the middle-thickness
MIL-53 (Fe) film), and the oxidation and reduction peak
currents increase as the scan rate increases from 20 to 100 mV
s™!. Then, the active area (S) of the electrode material can be
calculated by the Randles—Sevcik equation

peak = (2 69 X 105),13/2$D1/2C 1/2

where n is the number of transferred electrons, D is the
diffusion coefficient of K;[Fe(CN)¢], and C is the bulk
concentration of K;[Fe(CN)4].*® Herein, the value of S is
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evaluated as 0.0288 cm” based on the slope of the peak current
versus the square root of the scan rate (Figure 4a). This result
demonstrates the high surface area and high active site
exposure of the Fe-HPSW-C composite.

Cyclic voltammetry (CV) scans of the electrode (middle-
thickness MIL-53 (Fe) film) in 0.1 M PBS (pH = 7.2)
containing DA of different concentrations are also used for
evaluation. As shown in Figure S10, oxidation and reduction
peaks, located at 0.0484 and 0.0512 mA, respectively, can be
observed, and the oxidation and reduction peak currents
increase as the concentration of DA increases from 0 to 8 mM.
The underneath mechanism of DA sensing is presumably
based on the following equation

MIL — 53(Fe(Ill)) — 2e~ + C,H,N(OH),

= MIL — $3(Fe(1)) + CgHNO, + 2H™ (3)
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Figure S. Schematic diagrams of DA and AA adsorption mechanisms under different potentials. (a) Single-molecule adsorption energies of DA and
AA at 0.3, 0.6, and 0.9 V. The inset shows the optimized structures of DA and AA adsorbed on MIL-53 (Fe). (b) Top views of the difference in
charge densities for the single adsorption configuration of DA and AA at 0.3 V, in which blue and yellow regions indicate electron depletion and
accumulation, respectively. (c) Double-molecule adsorption energies of DA at 0.3, 0.6, and 0.9 V. The inset shows the optimized structure of
double DA molecules adsorbed by MIL-53 (Fe). Side views of the difference in charge densities for double-molecule adsorption of DA at 0.3, 0.6,
and 0.9 V are also shown in the insets. (d) Top view of the difference in charge densities for the second adsorption configuration of DA at 0.3 and
0.6 V, in which blue and yellow regions indicate electron depletion and accumulation, respectively.

In addition, we use current—time (I—t) measurements to
evaluate the electrochemical sensing performance and identify
the appropriate potential for DA sensing. Figure 4b and its
inset illustrate the I—t curve of the electrode (middle-thickness
MIL-53 (Fe) film) by successively adding different concen-
trations of DA in 0.1 M PBS. A distinct and rapid current
response can be observed with the addition of DA, indicating
good real-time sensing capability. On the other hand, Figure
S11 shows the corresponding I—t curve of composites with the
thick and thin MIL-53 (Fe) films, and both samples show
worse response, which is ascribed to a large number of
mesopores and the low surface area, respectively.*” We also
compared the sensing performance of the composite prepared
with and without ALD ZnO nanomembrane. As shown in
Figure S12, the Fe-HPSW-C composite exhibits an apparent
response toward DA, while the composite without the ZnO
nanomembrane shows negligible sensing performance. This
indicates that without the ALD ZnO nanomembrane, the low
loading of MIL-53 (Fe) on the substrate should result in a
small number of active sites in the composite, causing poor
sensitivity of the sensor. Moreover, the sensing performance of
the sample under different potentials is also studied (I—t
curves under 0.3 and 0.9 V shown in Figure S13a,b). Analyses
of the three sets of data lead to the corresponding calibration
plots as a function of concentration, as shown in Figure 4c.
According to the calibration plot, the composite exhibits an
ultrahigh sensitivity of 2084.58 4A mM™' cm™? with a linear
range of 1.0-200 uM (linear regression equation: Y =
0.000409X + 0.02902; correlation coefficient (R*) = 0.99).
The LOD can be calculated by the following equation: LOD =
30/S, where 0 is the standard deviation and S is the sensitivity,
and thus, a low LOD of 0.73 uM is obtained. We stress that
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these values can compare favorably with those of numerous
other MOF-based electrochemical DA sensors described in
previous papers.**™>' A detailed comparison of the sensing
performance is summarized in Figure 4d, and a more
comprehensive comparison can be found in Table S2,
indicating the advances of this strategy. It is considered that
the observed ultrahigh sensitivity can be associated with the
following factors:>> > (i) assembly of MIL-53 (Fe) particles
on the 3D substrate enhances the utilization of the structural
advantages, (ii) hierarchically porous structure increases the
exposure of electrochemically active sites, (iii) 3D conductive
carbon substrate provides a highway for charge transfer, which
reduces the low conductivity drawback of MOFs, and (iv)
hierarchically porous structure enhances the capture of target
biomolecules. Without these factors, the materials cannot
exhibit outstanding electrochemical performance. Experimen-
tally, we compare electrochemical responses of neat SW-C,
ALD-SW-C, pure MIL-53 particles, and Fe-HPSW-C (middle-
thickness MIL-53 (Fe) film) toward DA (Figure S14).
Obviously, Fe-HPSW-C shows much better electrochemical
properties compared to MIL-53 particles, while neat SW-C and
ALD-SW-C, which lack the redox element (i.e.,, MIL-53 (Fe)),
exhibit undetectable response.

Anti-interference ability is also important for evaluating
sensing performance.”” Figure 4e shows the I—t curve with
continuous addition of 1.5 mM DA, 0.1 mM KCI, 0.1 mM
NaCl, 0.1 mM citric acid (CA), 0.1 mM tromethamine
(THAM), 0.1 mM glucose (GL), and 0.1 mM AA. One can
see that the interferents generate only a tiny current response
related to DA, demonstrating a strong anti-interference
capability. The stability of the electrochemical sensor based
on the Fe-HPSW-C composite is further evaluated in a PBS
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solution containing 1 mM DA at 0.6 V. As shown in Figure 4f,
the composite exhibits a current response of ~0.12 mA with
good stability within 15 h. SEM images (inset of Figure 4f) and
XRD patterns (Figure S15) of the Fe-HPSW-C composite
before and after the stability test further prove the structural
stability of Fe-HPSW-C. In addition, the selectivity of Fe-
HPSW-C is illustrated in Figure S16, and at 0.3 and 0.6 V, the
I—t curves of the composite with successive additions of 1 mM
DA and 3 mM interferents (e.g., NaCl, KCl, LA, GL, and
THAM) reveal a considerable current response upon addition
of target DA. It is noticed that, in biological tissues, the
presence of significant quantities of AA influences the
electrochemical detection of DA, resulting in a considerable
overpotential for oxidation by conventional electrodes.”
Therefore, the distinction between DA and AA is essential
for electrochemical DA sensors. In this work, we test AA and
DA with the same concentration under different potentials
(0.3, 0.6, and 0.9 V). As shown in Figure S17a, at 0.3 V, with
the successive addition of 1 mM DA and 1 mM AA, the
response of the composite to DA was more than three times
larger than that to AA, indicating the selective determination of
DA. However, when tested at 0.6 or 0.9 V, the response of the
composite electrode to DA was nearly identical to that to AA
(Figure S17b,c). Moreover, the repeatability of the sensor is
determined by measuring 1 mM DA six times with the same
sensor. As demonstrated in Figure S18, the overlap of the I—t
curves indicates an identical response, and the relative standard
deviation (RSD) is 2.6% (inset of Figure S18), demonstrating
excellent repeatability. The CV responses of the same Fe-
HPSW-C composite toward DA are also measured six times
(Figure S19), and the RSD is calculated to be 1.98% (Figure
$20), again demonstrating the good accuracy of the sensor. We
also employed biological samples (urine and juice) to validate
the sensing performance in practice. Figure S21a depicts the I—
t curve of Fe-HPSW-C with serial additions of urine in 0.1 M
PBS, where the response to urine can be clearly observed. In
contrast, nearly no current change is detected with multiple
additions of juice with the same volume (Figure S21b). With
serial additions of urine and juice, it is only possible to detect a
significant rise in current in the case of urine (Figure S21c). All
of the results are consistent with the laboratory, illustrating the
good sensitivity and selectivity of Fe-HPSW-C in practical
applications.

We notice that the current response of the composite is
different at various potentials, which may be related to the
molecule activity on the catalyst surface, and the adsorption
energy is considered to be a major influencing factor.*””* Here,
calculations based on density functional theory (DFT) are
performed to gain further insight into the high activity and
selectivity of DA under specific potentials. Figure Sab
demonstrates the adsorption configuration of single-molecule
DA and AA. Both the top view and side view of the difference
in charge densities for the single-molecule adsorption
configuration of the minimal repeating unit of DA and AA
illustrate the larger strength effect of DA (Figures Sb, S22, and
S23). For single DA adsorption, the required adsorption
energy decreases as the potential increases. The adsorption
energies of DA under 0.3, 0.6, and 0.9 V are —2.206, —1.984,
and —1.717 eV, respectively (Figure Sa). However, for AA
adsorbed under the same situation, the adsorption config-
uration of AA molecules changes remarkably and the
adsorption energy increases as the potential increases, which
can be observed in Figure Sa. This phenomenon can be

explained by the structure difference between the two
molecules. The DA molecule possesses fewer oxygen atoms
on the right side of the ring (i.e., lower electronegativity), and
the ring configuration generates a 7 bond that can delocalize
and share the charge, making the DA molecule less potential-
sensitive. Compared with DA, the ring of AA with fewer
oxygen atoms on it means greater electronegativity. Thus, the
influence of potential is more pronounced for the AA molecule
(Figure S23). We consider that the observed good selectivity at
0.3 V could be due to the difference in absorption energy
because the number of molecules adsorbed on the electrode
surface are different correspondingly. Specifically, at 0.3 V, the
single-molecule adsorption energies of AA and DA are —2.206
and —1.199 eV, respectively (Figure Sa). The corresponding
charge densities are shown in Figure Sb, and the blue and
yellow regions indicate electron depletion and accumulation,
respectively. The larger electron cloud and the greater charge
transfer suggest the higher single-molecule adsorption energy
in the case of DA. Therefore, more DA molecules are adsorbed
and contribute to the current, allowing one to easily
differentiate between AA and DA. While at potentials of 0.6
and 0.9 V, the adsorption energies of AA and DA are
comparable, and the number of molecules adsorbed is virtually
identical. Thus, the response current is similar, making it
difficult to distinguish AA from DA at 0.6 and 0.9 V.

For the continuous sensing of DA, a double-molecule
adsorption model is applied. The basic principle of double-
molecule adsorption is that the adsorption energies of two
molecules are close enough to allow adsorption of the other
molecule. Figure Sc shows that when the potential is 0.6 V, the
adsorption energy of DA is —1.739 eV, which is similar to the
single-molecule adsorption energy of DA (—1.984 eV). This
favors the adsorption of another molecule, resulting in the
highest sensitivity of the sample, as visually reflected in Figure
5d, where the size of the cloud is larger at 0.6 V. The
phenomenon that the adsorption energy of the second DA
molecule is relatively lower than single-molecule adsorption
can be explained by a coeffect of the high electronegativity of
the benzene ring of the DA molecule and the increased
repulsion effect in a strong electric field.”* Calculations based
on DFT confirm the large difference in single-molecule
adsorption energies of DA and AA at appropriate potentials,
which leads to the observed good selectivity, while the double-
molecule adsorption energy decides the sensitivity.

B CONCLUSIONS

In summary, the Fe-HPSW-C composite is fabricated by
assembling a MIL-53 (Fe) film on marine biological carbon
and an ALD ZnO nanomembrane as an induction layer is
adopted for coating with good conformality and firm adhesion.
By controlling the concentration of the solution and the
parameters of ALD, the geometry and structure of the
composite can be tuned to achieve enhanced electrochemical
performance. The composite with a hierarchically porous
structure and large surface area demonstrates effective active
site exposure and the ability of selective adsorption of DA. The
composite demonstrates excellent DA sensing performance in
terms of a high sensitivity of 2084.58 yA mM™' cm™?, a low
LOD of 0.73 uM, and good distinction of DA and AA at a
potential of 0.3 V. DFT calculations confirm the large
difference in single-molecule adsorption energies of DA and
AA at appropriate potentials, which leads to the observed good
selectivity. This study provides a new strategy to fabricate
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advanced DA sensors and has great potential in biosensing-
related fields. We believe that the combination of natural
materials and MOFs can be used as a general platform for
sensing different bioinformatics molecules.

B EXPERIMENTAL SECTION

Materials. Anhydrous ferric chloride (FeCl;) was purchased from
Aladdin Ltd. (Shanghai, China). D(+)-GL monohydrate (AR,
>99.7%), LA (AR, >99.7%), N,N-dimethylformamide (DMF),
trifluoroacetic acid (AR, >99.7%), and potassium ferricyanide
(K;[Fe(CN)4]) were obtained from Sinopharm Chemicals. DA
hydrochloride (>97%), ascorbic acid (>99.99%), and benzene-1,4-
dicarboxylic acid (CgH4O,) were purchased from Aladdin Ltd.
(Shanghai, China). The solution used for the electrochemical activity
measurements was 0.1 M PBS. All of the reagents were used as
received without further purification. Deionized (DI) water used
throughout all experiments was purified by a Millipore system.

Fabrication of Marine Biological Carbon. Natural seaweed was
obtained from the commercial market. The dried seaweed was
carbonized in a tube furnace for 2 h at 800 °C in a N, atmosphere.
The obtained marine biological carbon (SW-C) was washed with 1
mM hydrochloric acid for 24 h. The natural carbon powder was
produced by drying at 60 °C for 24 h.

Fabrication of the Oxide Nanomembrane as the Induction
Layer. The ZnO nanomembrane was deposited as an induction layer
by ALD. The deposition of the ZnO nanomembrane on the exposed
surface of SW-C was performed at 150 °C in an ALD reactor.
Diethylzinc (DEZ) and DI water were used as precursors. A typical
ALD cycle included a DEZ pulse (S0 ms), waiting time (10 s), a N,
purge (30 s), a DI water pulse (30 ms), waiting time (10 s), and a N,
purge (30 s). The thickness of the ZnO nanomembrane was precisely
controlled by the number of ALD cycles.

Synthesis of the Middle-Thickness MIL-53 (Fe) Film on the
Substrates. Anhydrous ferric chloride (FeCl;, 1.62 g) was dissolved
in N,N-dimethylformamide (DMF) (100 mL) to form solution A. 1,4-
Dicarboxybenzene (H,BDC) (1.66 g) was dissolved in DMF (100
mL) to achieve solution B. The ALD ZnO-coated substrates were
then well mixed in a beaker containing solution A. The beaker was
sealed at 150 °C for 24 h. After cooling to room temperature
(formation of the Fe-hydroxy double salt), solution B was added and
the mixture was sealed at 150 °C for an additional 24 h. Afterward,
the samples were filtered by a vacuum filter and then vacuum-dried at
60 °C for 12 h. After this process, a uniform MIL-53 (Fe) film formed
on the surface of the substrates. For electrochemical testing, the
obtained sample was washed in an ultrasonic cleaner for 1 h and dried
at 60 °C for 12 h.

Synthesis of the Thick MIL-53 (Fe) Film on the Substrates.
Similar to the previous preparation method, the thick MIL-S3 (Fe)
film was prepared in the same way, except that the concentration of
the reactants was controlled. In this work, double concentrations
(3.24 g FeCl; and 3.32 g H,BDC) were used to obtain the thick film.

Synthesis of the Thin MIL-53 (Fe) Film on the Substrates.
Similar to the previous synthesis, the thin MIL-53 (Fe) film was
prepared in the same way, except that the concentration of the
reactants was controlled. In this work, experiments were performed
with reagents at half-concentrations (0.81 g FeCl; and 0.83 ¢
H,BDC) to obtain the thin film.

Structural and Compositional Characterizations. The
morphologies of all of the products were characterized by field-
emission SEM using a VEGA TS 5136 MM (TESCAN Co., Czech)
system. The cross-sectional morphology was characterized by TEM
(JEM-2100F). XRD patterns were achieved by an X'Pert Pro X-ray
diffractometer equipped with Cu Ka radiation (4 = 0.1542 nm) at a
current of 40 mA and voltage of 40 kV. A Quadrasorb adsorption
instrument (Quantachrome Instruments) was used to perform the
nitrogen sorption/desorption measurements. The specific surface area
was calculated by the BET method. The pore size distributions were
calculated from the nitrogen sorption data by the NLDFT model for
slit pores provided by Quantachrome data reduction software

ASiQwin Version 4.01. EDS (Oxford X-Max 80T) was utilized to
analyze the composition of the sample. XPS analyses were performed
with a VG ESCALAB 2201-XL equipment. The curve fitting of all XPS
spectra was accomplished by XPS Peak 4.1 software. Raman spectra
were recorded on a Horiba LabRAM HR Evolution under the
excitation of a 532 nm laser. The X-ray absorption spectra (XAS)
including XANES and EXAFS of the samples at Fe K-edge were
collected at the Singapore Synchrotron Light Source (SSLS) center,
where a pair of channel-cut Si (111) crystals was used in the
monochromator. The Fe K-edge XANES data were recorded in
transmission mode. Fe foil, FeO, and Fe,O; were used as references.
The storage ring was working at an energy of 2.5 GeV with an average
electron current of below 200 mA. The acquired EXAFS data were
extracted and processed according to the standard procedures by the
ATHENA module implemented in the FEFIT software packages. The
k*-weighted FT of x(k) in R space was obtained over the range of 0—
14.0 A™! by applying a Besse window function.

Characterization of Electrochemical Sensing Performance.
The electrochemical DA sensing performance was evaluated on a CHI
660E (Chenhua Instrument, Shanghai, China) with a three-electrode
configuration. In this work, Ag/AgCl (in saturated KCl solution) was
used as the reference electrode, a graphite rod was used as the counter
electrode, and samples were used as the working electrodes. The
sample like the Fe-HPSW-C composite was ground into powder, and
Nafion (S wt %) was used as an adhesive and protective film to stick
the sample to glassy carbon (GC; diameter, S mm). Before this, the
bare GC was polished to a mirror surface with 0.3 ym alumina slurries
and then sonicated in ethanol and deionized water alternately several
times. Finally, the prepared electrode was dried under infrared light.

Theoretical Model. First-principles calculations were carried out
on the basis of periodic DFT by a generalized gradient approximation
within the Perdew—Burke—Ernzerhof exchange—correction function.
The wave functions were constructed from the expansion of plane
waves with an energy cutoff of 500 eV. The y-centered k-point of 2 X
2 X 1 was used for geometry optimization. The consistency tolerances
for the geometry optimization were set as 1.0 X 107> eV/atom for
total energy and 0.05 eV/A for force, respectively. To avoid the
interaction between the two surfaces, a large vacuum gap of 15 A was
selected in the periodically repeated slabs. The adsorption energy E, 4
was calculated according to the standard formula: E 4 = Eroe — Eca
— Epfoleculay Where Er is the total energy, Ec,, is the catalyst energy,
and Epjgjecular i the molecular energy.
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