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G W N e

Abstract: In the work, a pig-blood-derived mesoporous carbon (BC) was prepared as a novel Fe-N-C
material for the electrochemical sensor to detect hydrogen peroxide. Because of the unique nanos-
tructure of Fe-BCs with rough surface structure, hierarchical pores, and high graphitization degree,
the Fe-BCs, as a kind of advanced electrode material, exhibited remarkable performance in electro-
catalysis. The sensor based on Fe-BCs exhibited an extra-long range from c and a detection limit
of 0.046 uM (S/N = 3). The synthesis of low-cost, advanced carbon-based electrode materials from
environmentally friendly pig blood for electrochemical sensor construction is a promising approach.
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Novel Electrode Material for Hydrogen peroxide (Hy0O,) is a typical reactive oxygen species (ROS) and plays a key
Hydrogen Peroxide Electrochemical - role in various normal biological processes and the food industry [1,2]. As an essential kind
Sensing. Catalysts 2022, 12, 1438. of intracellular signaling molecule, reactive oxygen species (ROS) are closely correlated
hitps://dot.org/103390/ catal 2111438 yyith numerous cellular functions and play an essential role in cellular physiology, provid-
Academic Editors: Dezhi Han, ing a reliable diagnosis of pathological conditions [3]. HyO; is also a by-product of classical
Wentai Wang and Ning Han biochemical reactions catalyzed by enzymes such as glucose oxidase. Therefore, it is of

great importance to develop accurate, rapid, and reliable methods for the detection of HyO5.
The conventional methods used for the determination of hydrogen peroxide are mainly flu-
orescence analysis, chromatography, titration chemiluminescence, and spectrophotometric
methods [4-6]. These processes are complex, expensive, and time-consuming to perform.
Publisher’s Note: MDPIstaysneutral  In contrast, since HyO; is an electroactive molecule, electrochemical detection is a simple,
with regard to jurisdictional claimsin  rapid, sensitive, and cost-effective detection strategy [7-9].
published maps and institutional affil- Biomass carbon materials are now one of the most popular research areas in elec-
fations. trochemistry, and their rich pore channels, large specific surface area, and high chemical
resistance make the research mostly focused on the energy field [10]. Biomass carbon has a
relatively stable three-dimensional structure [11-13]. Biomass carbon has a relatively stable
- three-dimensional structure. As a result, it can withstand a certain degree of mechanical,
biological, and chemical attack [14-16]. The structure becomes more stable after chemical,
thermochemical, or biological treatment to remove its easily degradable components. As a
result of the removal of those easily degradable components, many channels and pores are
formed in the resulting matrix [17-20]. The formation of cavities during degradation is not
Attribution (CC BY) license (https://  Tegular, and although the abundant channels and pore structures facilitate the exposure of
creativecommons.org/licenses /by / active sites and adsorption of the target to be measured, the overly complex pore structures
40/). are not conducive to the mass transfer process during sensing, which in turn affects the
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amplification of the electrochemical response signal [21-23]. The electrochemical response
information is easily masked by significant charging and discharging processes, often to
the detriment of sensor construction [24]. Nevertheless, the application of biomass carbon
materials in sensing has its unique attraction in two points: the continuity of charge transfer
channels and the highly rough surface properties. The continuous charge transfer channel
can significantly reduce the charge transfer resistance, thus enabling signal amplification;
the highly rough surface facilitates the increase in surface active sites, which also facilitates
signal amplification [21,24-26]. Moreover, this rough structure is a reflection of the internal
extension of the material itself to the surface, which has a high degree of controllability,
uniformity, and microstructural stability.

At this stage, the common methods for preparing biomass carbon materials include
pyrolysis, chemical vapor deposition (CVD), cyclic oxidation, mechanical activation, and
combustion [27-30]. Biomass pyrolysis is commonly used to prepare activated carbon,
and it is easy to obtain porous carbon materials with a high specific surface area. How-
ever, due to the complex structure of biomass, a large number of heteroatoms other than
C, and the strong chemical bonds, the carbon atoms cannot be easily rearranged in an
orderly and regular manner by pyrolysis alone, and it is not easy to obtain carbon nano-
materials with high crystallinity [31-34]. Pyrolytic biomass carbon generally possesses a
complex pore structure that can significantly affect the mass transfer process, leading to
its lesser application in electrochemical sensing and a few related reports [35]. Therefore,
the design and preparation of high-performance heteroatom-doped 3D carbon materials
by improving the biomass carbon pyrolysis process and using them for the construction
of electrochemical sensors is of great significance in achieving efficient electrochemical
detection of hydrogen peroxide.

In this work, Fe-N-5-C composites (Fe-BC) based on pig-blood precursors (blood
carbon, BC) were prepared by high-temperature pyrolysis based on the highly controllable
nature of pig blood. The pig-blood gel has the advantages of low cost and environmental
friendliness and is an ideal material for the construction of biomass carbon materials. The
highly rough nature of the surface facilitates the increase in surface active sites on the
one hand and increases the H,O, contact efficiency on the other hand, which facilitates the
signal amplification. The Fe-BC/GCE (glassy carbon electrode) can be used to construct
H,0O, sensors with high stability and excellent performance.

2. Result and Discussion

Figure 1A shows the SEM image of Fe-BC-300, from which it can be observed that
there is no obvious pore structure on the surface of Fe-BC-300. As shown in Figure 1B, with
the increase in the pyrolysis temperature to 600 °C, the biomass, such as proteins within the
pig blood, started to decompose, and the pore structure began to appear from the middle
of the material. It was observed that a large number of uniformly dispersed nanopores
could be clearly observed on the surface of Fe-BC-900 (Figure 1C). Figure 1D SEM (after
magnification by ten times) image of Fe-BC-900 can be observed that the pore size of the
material is between 30-100 nm. A large number of pores can provide a more specific
surface area and increase the contact opportunity between the catalyst and the material to
be measured, improving the sensor performance [24]. When the relative pressure (P/Py) is
less than 0.1, the isotherms rise in a logarithmic shape, indicating the existence of a large
number of micropores in Fe-BC-900. The porosity of the samples was further characterized
using nitrogen adsorption and desorption, as shown in Figure S1. For Fe-BC-900, there are
two inconspicuous hysteresis loops at P /Py > 0.4, which prove the presence of mesopores
in both samples. The QSDEFT pore size is displayed in Figure 1B. Note that the Fe-BC-900
hysteresis loop reveals a mesoporous structure with a pore-size distribution based on
about 8 nm.
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Figure 1. SEM images of Fe-BC-300 (A), SEM images of Fe-BC-600 (B), and SEM images of
Fe-BC-900 (C,D).

The structures and morphologies of Fe-BC-300, Fe-BC-600, and Fe-BC-900 can be
further observed by TEM images. The TEM of Fe-BC-300 is shown in Figure 2A,B, where
the nano black particles are wrapped in the carbon layer, presumably due to the low
pyrolysis temperature and the short pyrolysis time resulting in insufficient decomposition
of the biomass to obtain the pore structure. When the pyrolysis temperature was increased
to 600 °C, it can be observed that a microporous structure appeared on the surface of the
material, and the material dispersion was also improved. Figure 2C shows the TEM of
Fe-BC-900, and a more uniform pore structure can be clearly observed, which is the same
as the SEM results. Figure 2E-H shows the EDS (Energy dispersive X-ray spectroscopy)
energy spectra of Fe-BC-900 C element, N element, S element, and Fe element, from which
it is seen that N element, S element, and Fe element are uniformly scattered within the
carbon skeleton, indicating the successful synthesis of the doped material.

As shown in Figure 3, Raman spectroscopy was further used to investigate the
degree of defects and graphitization of Fe-BC-900 composites. The Raman spectra show
two peaks at approximately 1340 cm ! and 1594 cm™~!, corresponding to the D and G
bands, respectively. Ip/I; can provide an indication of the number of structural defects
and a quantitative metric of edge plane exposure. The calculated Ip/I; of Fe-BC-900
is 0.89, which indicates that the high pyrolysis temperature is more favorable to the
formation of graphitic crystalline structure, and the high graphitization is beneficial to
improve the surface charge transport of the nano-catalyst, which can greatly improve
the material sensitivity [36,37].

The electrochemical behavior of BC/GCE, Fe-BC-300/GCE, Fe-BC-600/GCE, and
Fe-BC-900/GCE in KOH was studied using CV. Figure 4A shows the CV curves of different
modified electrodes in 0.1 M KOH solution saturated with 100 mV s~! N at the scan rate.
It can be observed from the figure that the capacitance current of each Fe-BC modified
electrode increases with the increase in the pyrolysis temperature, which is due to the
increase in BC graphitization with the increase in the pyrolysis temperature. In contrast to
Fe-BC-900/GCE, BC-900/GC exhibits a larger background current, which may be due to
the removal of iron from the material with surface impurities by hydrochloric acid, which
improves the charge conduction.
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Figure 2. TEM image of PPY-H-CBN (A), Fe-BC-600 (B), and Fe-BC-900 (C); (D) HRTEM image of
Fe-BC-900; (E-H) elemental mapping of C, S, Fe and N for Fe-BC-900.
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Figure 3. Raman spectra of Fe-BC-900.
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Figure 4. (A) CVs of the Fe-BC-300/GCE (a), Fe-BC-600/GCE (b), Fe-BC-900/GCE (c), and
Fe-BC-900/GCE (d) in Ny-saturated 0.1 M KOH; (B) CVs of the Fe-BC-300/GCE (a), Fe-BC-600/GCE (b),
BC-900/GCE (c), and Fe-BC-900/GCE (d) in Nj-saturated 0.1 mM H,O, 0.1 M KOH.
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Figure 4B shows the CV curves of different modified electrodes containing 0.1 mM
H,0O, N saturated with 0.1 M KOH solution. As can be seen from the figure, no obvious
reduction peaks were found for Fe-BC-300/GCE and Fe-BC-600/GCE, which is due to the
low pyrolysis temperature and low graphitization, resulting in poor conductivity of the
materials, making Fe-BC-300/GCE and Fe-BC-600/GCE very small in response to HyO,
current. bc-900/GCE has a —0.2 V BC-900/GCE has an insignificant reduction peak at
—0.2 V. Most of the electrocatalytic effect of BC-900/GCE comes from the nitrogen and
sulfur atoms doped in the carbon skeleton. Compared with other modified electrodes,
Fe-BC-900/GCE has a larger current response to HyO; and a lower HyO; reduction po-
tential, which inferred that Fe is the active center for H,O, reduction in the material. The
reduction process is a typical electrocatalytic process: Feyy is reduced to Feyy, HyO, oxidizes
Fey to Fepyy, and HyO; is reduced to water in the reduction process [5]. Pig blood has a
certain amount of Fe, which can be used as a catalytic reduction center for H,O,. The
nanopore structure improves the contact efficiency between the catalytic center and HyO,,
which improves the sensing performance of Fe-BC-900/GCE. The CVs of Fe-BC-900 in KOH
solution with different pH value (12.3-13.3) was depicted in Figure S2. The Fe-BC-900/GCE
has a good response in solutions of different pH values and peak current changes <10%,
indicating a good pH tolerance.

The kinetics of HyO, on the surface of Fe-BC-900/GCE was investigated by adjusting
the sweep rate. Figure 5A shows the CV curves of Fe-BC-900/GCE in the sweep rate range
of 40-200 mV s~! in 0.1 M KOH buffer solution under N, saturation. It can be clearly
observed from the figure that the current keeps increasing with the increasing scan rate.
After calculation, the current is linearly related to the scan rate, and the fitted curve is
shown in Figure 5B, with the linear relationship log I;,c (1A) = 0.575 log v (mV s~ 1) +0.515,
where I, is the peak-current. This proves that the HO, reduction process on the Fe-
BC-900/GCE surface is a surface-controlled process [7]. As shown in Figure 5 logl,c and
logv are linearly related. The slope of 0.575 is obtained after the fit, which is higher than
the value of 0.5 for the complete spreading control process and smaller than that of 1 for
the complete adsorption control process, which indicates that the HyO, molecules on the
Fe-BC-900/GCE surface are subject to the spreading control process and the adsorption
control process and is a preference for diffusion control [7].
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Figure 5. (A) CVs of the Fe-BC-900/GCE at different scan rates (40 to 200 mVs~!) in 0.1 M. KOH
containing 0.1 mM HyO;; (B) the dependence of reduction current on scan rate; (C) the relationship
between loglp and logv; (D) the relationship between Ipc and logp.
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The Fe-BC-900/GCE kinetics were further investigated. As the scan rate increases,
the relationship between Ep and logv is shown in Figure 5D, and the fitted curve can be
expressed as Ep = —0.138 logv (mV s~ 1) — 0.147.

For an irreversible electrode process, Epc can be defined by the following equation [38]

2303RT, RTK 2303RT

E,, =E — 1
pe anF 8 anF anF

logv

where o is the transfer coefficient, which is usually assumed to be 0.5 in a totally irreversible
electrode process [39], v is the scan rate, and 7 is the number of electrons transferred in
the rate-determining step. Other symbols have their usual meanings. Accordingly, » is
calculated to be 0.73. Thus, one electron is considered involved in the rate-determining
step of HyO, reduction.

The electrochemical sensing performance of Fe-BC-900/GCE for H,O, was investi-
gated using the amperometric method. Figure 6A,B show the chrono current curves for
different H,O, concentrations in Fe-BC-900/GCE in 0.1 M KOH buffer solution under N,
saturation. It can be clearly seen from the figures that the reduction current increases rapidly
with the addition of HyO, and reaches a steady state within 3 s on average. Fe-BC-900 has a
high degree of graphitization, which enhances the electron transfer rate between Fe-BC-900
and the electrode and therefore shortens the response time of the sensor to HyO,. Figure 6C
shows the relationship between H,O, concentration and current, and after fitting, the cur-
rent and H,O, concentration show a good linear relationship in the range of 0.1-2000 uM,
R? =0.9998, and the linear relationship equation is I,c (1A) 1.052 + 0.03277¢ (uM) The detec-
tion limit is 0.046 uM. The experimental results show that Fe-BC-900/GCE can be applied
to the quantitative detection of HyO,. As shown in Table 1, Fe-BC-900/GCE demonstrates
better performance xompared with other H,O; sensors reported before. Analysis of these
two increasing waves by means of a standard addition plot against H,O, concentration is
shown in Figure 4B and Figure S4. It is shown that the standard addition plot is like that of
the calibration curve, verifying the suitability of the procedures.
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Figure 6. (A,B) Amperometric response of PPY-H-BNG/GCE upon the successive addition of HyO,
at low concentrations (from 0.1 to 2000 uM) into gently stirred 0.1 M KOH; (C) calibration curve of the
Fe-BC-900/GCE as a function of HyO, concentration; (D) amperometric response of Fe-BC-900/GCE
exposed to 0.5 mM H,O,, 0.5 mM AA, 0.5 mM glucose, 0.1 mM BPA, 0.5 mM DA, and 0.5 mM H,O;.
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Table 1. Comparison with previous literature.

Signal Amplification Strategy Assay Principle Linear Range uM Limit of Detection uM Reference
@ Cu(bmtc)2(H,0)]/SPCE i-t 10-524 0.57 [40]
Cu microelectrode i-t 15-1820 2.7 [41]
Nanoporous gold film electrode i-t 1-1000 3.7 [42]
Porous Au film electrode i-t 30-360 3 [43]
Nanoporous gold i-t 10-1800 0.6 [44]

Fe-BC i-t 0.1-2000 0.046 This work

2 screen-printed carbon electrode (SPCE) modified with copper (II) 1-(3-bromobenzyl)-5-methyl-1H-1,2,3-triazole-
4-carboxylate [Cu(bmtc)2(H,O)].

To investigate the effect of coexisting interferents on the performance of Fe-BC-900/GCE,
the Fe-BC-900/GCE interference testing experiment was investigated by adding ascor-
bic acid (AA), glucose, bisphenol A (BPA), and dopamine (DA). After adding 0.5 mM
AA, glucose, BPA, and DA interferents sequentially, the current did not fluctuate signifi-
cantly. Continuing to add 0.5 mM H;O;, the Fe-BC-900/GCE response had a significant
current response with the first addition. This indicates that the added interferents have
almost no effect on the reduction of the H,O, Fe-BC-900 electrode surface, indicating that
Fe-BC-900/GCE has excellent anti-interference properties. The stability of Fe-BC-900/GCE
was investigated by continuous scanning CV cycles (Figure S3). After 100 cycle scans,
there was no significant change in the CV curves before and after the comparison cycle,
and the current response change was only 5%, which indicates that the H,O, measure-
ment has high stability, and therefore, Fe-BC-900 is an ideal material for constructing
electrochemical sensors.

3. Materials and Methods
3.1. Materials

All reagents were analytically pure without further purification. Ethanol was pur-
chased from Aladdin Chemistry Co., Ltd. (Shanghai, China).

Pig blood was collected at the Zibo central slaughterhouse. The pigs were about
3—4 years old. Scanning electron microscopy (SEM, FEI Co., Ltd., Hillsboro, OR, USA) was
used to study the morphology of the modified electrode on an FEI SIRION microscope.
Transmission electron microscope (TEM, FEI Co., Ltd., Hillsboro, OR, USA) images were
obtained on an FEI Tecnai G2T20 at 200 kV. The synthesized samples were also analyzed
using an X-ray photoelectron spectrometer (XPS) (K-Alpha, Waltham, MA, USA. Thermo
Scientific). Raman spectra were used to analyze graphitic ordering by a LabRAM HR800
from JY Horiba.

Voltammetry tests were carried out on a CHI660E electrochemical system (CH Instru-
ment, Shanghai, China) with a three-electrode system. A saturated calomel electrode (SCE)
and a platinum foil electrode were used as a reference and auxiliary electrodes, respectively.
The working electrode was prepared as follows: 5 mg catalyst was ultrasonically dispersed
in 1 mL of DMF for 30 min, and then 5 pL of the mixture was dropped on a glassy carbon
electrode (3 mm), followed by the evaporation in air.

3.2. Methods

Fresh pig blood (100 mL) was stirred thoroughly with an equal volume of distilled
water and then placed in a constant temperature water bath (100 °C) and boiled until the
proteins in the pig blood coagulated into clumps. The clotted pig blood was cooled at
room temperature and freeze-dried afterward. Then, 2 g of pig-blood powder was weighed
into a tube furnace and programmed to increase the temperature with a heating rate to
900 °C for 2 h, and the finished pig-blood powder was ground thoroughly and labeled
as Fe-BC-900. As a control experiment, the composites were heated to 300 °C and 600 °C
using the same procedure, and the materials were labeled as Fe-BC-300 and Fe-BC-600,
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respectively. The prepared Fe-BC-900 was immersed in 0.1 M HCl for 12 h and repeatedly
washed with secondary water and ethanol three times to prepare BC-900.

4. Conclusions

In this work, a novel strategy for constructing H,O, electrochemical sensors using
pig-blood biomass carbon materials is proposed for the first time. Fe-BC-900 nanomaterials
were obtained by pyrolysis of fresh pig blood, and the novel nanomaterials have excellent
electrocatalytic activity for H,O,, enabling direct detection of HyO,. The Fe-BC-900/GCE
exhibits a wider detection concentration range of 0.1-2000 uM, a low LOD of 0.046 uM
towards H,O, detection, and excellent anti-interference performance. The excellent H,O,
electrocatalytic activity of Fe-BC-900/GCE expands the application of biomass carbon
materials in the field of electrochemical sensors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal12111438/s1, Figure S1: (A)isotherms of nitrogen sorption and (B) the
corresponding QSDFT pore size distributions determined by adsorption branch of nitrogen sorption
isotherms; Figure S2: CVs of the Fe-BC-900/GCE in different concentrations of KOH solutions
with Np-saturated 0.1 mM H,O,; Figure S3: Plots of (A) current measured at +0.15 V against the
concentration of HyO,, (B) peak current measured at +0.29 V against the concentration of HyO5;
Figure S4: CVs of the Fe-BC-900/GCE in 0.1 M KOH with 0.1 mM H, O, solution at the first cycle and
the 100 cycles, respectively.
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