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ARTICLE INFO ABSTRACT

N-doped porous-walled graphitic nanocages (NGCs) with high specific surface area have been successfully doped
by metallic ions (M?>* = Fe?*, Co®*, Ni** or Cu®") for efficiently detecting H,O,. To increase surface area,
NGCs were prepared by partially removing N-doped template inserted in their graphitic layers to sharply create
nanopores in graphitic shells of nanocages, which were approached from removing ferrous cores of core-shell
precursor (FesC@NDC) synthesized from short-time floating catalytic pyrolysis. With high specific surface area
(920 m? g~ 1), mesopore volume (1.6 cm® g~ ') and good graphitization, the synergistic effects of metallic ions
and N-doped structure, which improves their dispersion and increases active sites, plays a very important role in
detection of H>O,. Fe-N coordination much easier forms in the condition of our experiment than Co-N, Ni-N and
Cu-N, which might lead to better electrochemical performance of Fe-Nx doped graphitic nanocages (Fe-NGCs),
including wider linear range (0.001 —5mM), lower LOD (0.53 uM), higher sensitivity (184.4 yAmM ™! cm™),
selectivity and stability. Such results demonstrate Fe-NGCs nanocomposite is a promising candidate for the
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detection of H,0, in practical application.

1. Introduction

Hydrogen peroxide (H,O-) is produced as metabolic byproducts or
intermediates in several highly selective oxidases of cells growth [1,2].
Thus, some diseases including cancer, diabetes, heart diseases and
neurodegeneration etc, can be detected by the concentration of H,O, in
the body [3-5]. Additionally, H,O, is widely used as oxidizer, disin-
fectant or bleach in food, environmental analysis, chemical and phar-
maceutical industry etc [6,7], leading to hydrogen peroxide plays an
important role in the development of sensors, including titration [8,9],
spectrometry [10,11], chromatography [12,13], chemiluminescence
[14,15], electrochemistry [16-18] and so on. Compared to the above
methods, the electrochemical method is promising in detection of HyO,
with inherent advantages, including low cost, easy operation, fast re-
sponse and portability [1,4]. The enzyme-based biosensors are unique
in sensitivity and selectivity, while complex enzyme immobilization,
specific operating conditions, inactivation in a non-fixed environment
and high cost limit their practical application [2,18]. In order to break
through these restrictions, some non-enzymatic sensors modified by
noble metals, such as Au [19], Ag [20], Pt [21] and Pd [22], have
achieved higher sensitivity, wider detection concentration range and
lower detection limit [11]. However, the industrial production of such
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prepared sensors is limited by low natural abundance of noble metals.

In recent years, non-noble metal nanomaterials have a good pro-
spect in electrochemical detection of H,O, by amperometry, cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) [23-27].
DPV technique is suitable to detect H,O, in its lower concentration
solution [23], while the advantage of the amperometry is its readable
data and available in commercial application [24-30]. Additionally, the
transition metal compounds (e.g. Fe, Co, Ni, etc.) have attracted at-
tention due to their unique structural properties and low cost [24],
leading to their sharp development: well-crystallized Fe3;O4 nano-
particles were loaded on reduced graphene oxide [6]; a-Fe,O3; nano-
particles were deposited on the surface of NiO nanosheets [24]; FesC
nanoparticles were loaded on functionalized 3D N-doped carbon
structures [28]. Furthermore, Prussian blue (PB), protein and polymer
were introduced onto ferrous compounds to improve performance of
detecting H>O, [29-31]. On the other hand, carbon nanomaterials such
as graphene, carbon fiber and carbon nanotubes are widely used as
carriers for metallic nanostructure because of their unique features such
as fast electron transfer, excellent biocompatibility, relatively wide
potential window and feasibility for surface functionalization
[24,24,25,26,27]. To get over agglomeration and low dispersion, me-
tallic or carbon nanomaterials are usually modified by surfactants,
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Fig. 1. TEM (a) and HRTEM (b) images of Fe-NGCs, (c) XRD pattern of Fe-NGCs, (d) Elemental mapping images of C, N, Fe of Fe-NGCs, (e) N, adsorption/desorption

isotherms of the NDCs, pore created NGCs and Fe-NGCs.

which are difficult to be removed and inhibit catalytic activity [19].
Another strategy has been developed that reduced graphene oxide
supports transition metal sulfide to provide more active sites and good
electrical conductivity [1,12], which is limited by their low specific
surface area (< 550 m? g_l) [5,7,17]. To increase active sites, polymer-
based precursors have been employed to modify the metallic nanos-
tructure, and a catalyst with high activity is obtained after its carbo-
nization. Since high carbonization temperature usually trades off
property of surface area and surface reactivity [32-34], their low car-
bonization temperature (=800 °C) [2,22] might influence their gra-
phitization, conductivity and resistance to corrosion [6,16,24]. Some
graphitic substrates were synthesized by floating catalytic pyrolysis.
Due to the short synthetic time and controllable pyrolytic temperature,
the diameters of such prepared substrates became smaller [33-35].
Herein, N-doped porous-walled graphitic nanocages (NGCs) with

high specific surface area have been successfully doped by metallic ions
(M2* = Fe?™, Co®*, Ni®* or Cu?™) for efficiently detecting H,O,. To
increase surface area, NGCs were prepared by partially removing N-
doped template inserted in their graphitic layers to sharply create na-
nopores in graphitic shells of nanocages, which were approached from
removing ferrous cores of core-shell precursor (FesC@NDC) synthesized
from short-time floating catalytic pyrolysis. High specific surface area
of such prepared NGCs is useful to improve dispersion of metallic ions
and increase active sites leading to efficient electrocatalysis of NGC-
modified glassy carbon electrodes (GCEs). As far as we know, there is
no report on Fe and N co-doped graphitic materials with so high specific
surface area for detecting H,O, until now.
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Fig. 2. XPS spectra of the Fe-NGCs. (a) Cls, (b) N1s and (c) Fe2p.

2. Experimental section
2.1. Synthesis of M-NGCs

The porous N-doped graphitic nanocages (NGCs) were prepared by
removing iron core from core-shell precursor (Fe;C@NDC) which were
synthesized through floating catalytic pyrolysis of gas mixture in the
quartz tube at 900 °C. The gas mixture including acetylene (carbon
sources, 10ml min~'), NHj (nitrogen sources, 100 ml min~ 1), N,
(carrier gas, 801 h™') and carried iron pentacarbonyl (catalysts
sources), flew through high temperature area of furnace in a few sec-
onds, and then FesC@NGS could be collected at the other end of the
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quartz tube. In order to remove iron core and iron ions, the Fe3C@NDC
were pickled with stirring in mixed acid (HCI:HNO3 = 10:1) at 70 °C for
8 h, and then were filtered repeatedly after stayed still overnight. After
freeze-drying to remove water, the NDCs were annealed in vacuum at
300 °C for 1h to partially eliminate N-doped template to get the pore
created (PC) NGCs. Finally, the M-NGCs were prepared by adding the
NGCs with 40 mg into 150ml 0.1 M FeCl;, CuSO4, Co(NO3), or Ni
(NO3), solution with ultrasonic oscillation for 12h, and then the M-
NGCs were filtrated and dried.

2.2. Characterizations

The microcosmic structure and morphology of prepared materials
were characterized by high resolution transmission electron microscopy
(HRTEM: JEOL, JEM-2100F) and corresponding energy dispersive
spectroscopy (EDS) mapping. The crystallographic information was
investigated by X-ray diffraction (XRD: Bruker D8 Advance, Bruker
AXS, Germany). The surface composition was analyzed through X-ray
photoelectron spectroscopy (XPS: thermos ESCALAB 250Xi). The sur-
face area and pore structure were characterized by nitrogen adsorption/
desorption measurement (ASAP 2020, Micromeritics).

2.3. Electrochemical measurements

All electrochemical measurements were tested by using a three-
electrode system at room temperature with an electrochemical work-
station (CHI760E, CH Instruments, USA). The working electrode was
prepared with coating catalysts slurry onto GCEs with 3 mm diameter,
and catalyst slurry was made ready to disperse 1 mg catalysts powder in
a mixture of ethanol (0.95ml) and 5% Nafion solution (0.05ml) with
sonication treatment for 1h. For fair comparison, all catalysts were
loaded on the GCEs with the same loading amount (1.4 pg mm~2).
Moreover, a saturated calomel electrode (SCE) and a platinum wire
were used as the reference electrode and the counter electrode, re-
spectively. The CV and the chronoamperometry (i-t) were conducted in
0.1 M phosphate buffer (PB: pH = 7) solution. The electrochemical
impedance spectroscopy (EIS) were recorded with a frequency range of
1-10° Hz and the DC bias and amplitude voltages were set at 0.26 V and
0.005V, respectively.

3. Results and discussion
3.1. Characterization of M-NGCs

The nanostructures and crystal structures of Fe-NGCs are probed by
HRTEM. According to the result (Fig. Sla) shown in Supplementary
Information (SI), the core-shell precursors (Fe3C@NDC) prepared by
thermal pyrolysis at 900°C are 4~15nm FesC (cementite) nano-
particles coated with N-doped graphitic shells. The Fe;C cores wrapped
by the carbon layer can be basically removed from Fe;C@NDC by acid
treatment (Fig. S1b). After acid and annealing treatment, lots of na-
nopores are formed in graphitic shells by partially removing N-doped
template and most thin graphitic shells are completely preserved to
NGCs in Fig. S1b. Simultaneously, the unique nanoporous graphitic
structure of NGCs is inherited by Fe-NGCs after Fe ions are attached to
N-doped structure (Fig. 1a and b). The diffraction peak of Fe-NGCs
shown in Fig. 1c and its HRTEM image shown in Fig. 1b indicate that
the Fe-NGCs possesses good graphitization with ~1 nm moderate gra-
phitic shell. Furthermore, the elemental mapping shows Fe-NGCs con-
sist of C, N and Fe, and they are uniformly distributed within nanocages
(Fig. 1d). Thus, such results confirm the Fe-NGCs with nanoporous
graphitic structure have been prepared.

To further investigate changes of nanoporous structures after pick-
ling and annealing treatment, the samples are measured through N,
adsorption/desorption isotherms (Fig. 1le). The specific surface area
(Sger) and mesopore volume for the NDCs are 630 m?> g_1 and
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Fig. 3. Scheme of synthetic pathway of M-NGCs nanocomposite which modifies GCEs to detection of H,0,.

0.87 cm® g_l, respectively. In comparison, specific surface area (Sggr)
(NGCs vs. Fe-NGCs = 980 m?g~': 920m? g~ ') and mesopore volume
(NGGs vs. Fe-NGCs = 1.7 em®g ™ ': 1.6 cm® g™ !) are rapidly increased
after pickling and annealing treatment [35,36], and Fe-NGCs has ba-
sically no change in nanoporous structures to NGCs after loading iron
ion. Thus, Fe-NGCs with high specific surface area and nanoporous
structure are expected to provide more accessible active sites and easier
diffusion. During acid-treating Fe;C@NDC, both N-doped structure and
C atoms were partially being oxidized, according to carboxyl groups
(2365 cm™ 1) and nitro-groups (1387 em™ Y sharply increased in the
FTIR spectra (Fig. S2a) of NDCs (Fes;C of Fe;C@NDC was removed by
acid treatment). As N atoms were substitutionally doped in the gra-
phitic layers of the NDC, N-doped structure was oxidized into nitro-
group leading to N—C bonds breaking. Thus, C atoms from broken N—C
bonds were easily oxidized into carboxyl groups in the acid-treatment.
The N and O contents of the NDCs were 3 wt.% and 12 wt.%, respec-
tively. After annealing in vacuum, the N and O contents of the NDCs
were reduced to 2 wt.% and 6 wt.% (Fig. S2b), respectively, indicating
the carboxyl groups and nitro-groups formed from oxidization of N-
doping structure were not stable and partially removed (NGCs in Fig.
$2) to form nanopores in the graphitic shells.

The elemental composition and chemical state of samples are in-
vestigated by XPS. As shown in Fig. S3a, the Fe, Co Ni and Cu are
loaded onto the surface of NGCs to form Fe-NGCs, Co-NGCs, Ni-NGCs
and Cu-NGCs, respectively. There is basically no change in the valence
state of carbon with C—C bond (284.6eV), C—N or C—O bond
(286.0 eV) and C=O0 bond (288.7 eV) (Fig. 2a, S3, S4, S5 and S6), in-
dicating that doping transition metal element has little effect on the
carbon structure. For N1s of Fe-NGCs (Fig. 2b), four types of doped
nitrogen species are obtained by fitting with pyridinic N (398.8 eV),
pyrrolic N (400.5eV), graphitic N (401.5eV) and Fe-N, (399.8 eV).
Simultaneously, the peak area ratio of the Fe-Ny bond is 43.5 %, oc-
cupying a dominant position in nitrogen species, which is far greater
than 20.0 % Co-N and 20.8 % Ni-N and 25.0 % Cu-N (Fig. 2b, S4b, S5b
and S6b), suggesting Fe-N coordination much easier forms in our con-
dition than Co-N, Ni-N and Cu-N. According to Fe2p of Fe-NGCs
(Fig. 2c), it is demonstrated that Fe®™ (711.7 eV for Fe2p3,5, 725.0 eV
for Fe2p, ,5), Fe?™ (713.4 eV for Fe2ps,,, 721.4 eV for Fe2p, »), satellite
peak (716.6eV) and Fe-N, (707.6eV). Similar characteristics is ob-
served in the Co2p, Ni2p and Cu2p spectra of Co-NGCs Ni-NGCs and
Cu-NGCs (Fig. S4c, S5c and S6c¢) [1,17,37]. Both the proportion of

transition metal element atomic number in the respective samples (1.1
at% Fe in Fe-NGCs, 0.93 at% Co in Co-NGCs, 0.97 at% Ni in Ni-NGCs
and 3.92 at% Cu in Cu-NGCs) and the percentages of Fe, Co, Ni or Cu-N
coordination sites in N elemental (43.5 % Fe-N, 20.0 % Co-N, 20.8 %
Ni-N, 25.0 % Cu-N) illustrate the Fe-NGCs may provide a larger number
active sites (as shown in Tab. S1) that contribute to the outstanding
electrochemical sensing performance towards H,O,. The scheme of the
pathway to synthesis of the Fe-NGCs sample has been shown in Fig. 3.

3.2. Electrochemical detection of H>O, by sensors modified by Fe-NGCs

To study the electron exchange features at surface-modified elec-
trode, GCEs modified by Fe-NGCs or Fe-NDCs were investigated by
electrochemical impedance spectroscopy (EIS) in 0.1 M PB solution at a
frequency range of 1-10° Hz. As shown in Fig. S7, the Nyquist plots of
Fe-NGCs and Fe-NDCs is consisted by a semicircular part (which is
corresponded to the charge transfer resistance (R.)) of the redox re-
action at the electrode/electrolyte interface) and the linear part (which
contributes to the ion-diffusion process and its slope is proportional to
ion-diffusion rate). The equivalent electrical model is simulated accu-
rately to place in the illustration of Fig. S7. The value of R, is equal to
the semicircle diameter of Nyquist plots, and they are estimated to be
about 128 Q (Fe-NGCs) and 200 Q (Fe-NDCs) in Fig. S7. Compared with
Fe-NDCs, Fe-NGCs has the lower resistance value and faster ion-diffu-
sion rate, indicating that Fe-NGCs is provided with the higher electro-
chemical activity and conductivity.

To study the electrochemical behaviors of modified electrodes as a
H,0, sensor, the electrocatalytic activities of NGCs, Fe-NGCs, Co-NGCs
and Ni-NGCs are investigated by CV in 0.1 M PB (pH = 7) solution in
presence of 5mM H,0, at a scan rate of 50 mV s~ ! within the potential
range of 0.4 to -0.6 V (Fig. 4a). As shown in Fig. 4a, Fe-NGCs has the
largest cathodic current in same condition, suggesting the highest cat-
alytic activity of M-NGCs in prepared samples to H>O- electrocatalysis.
The reason is that many M-N, active sites are equally distributed onto
NGCs with high specific surface area. The mechanism of electro-
chemical detection of H,O, can be proposed: H,0, is reduced to OH- by
trivalent iron of Fe-Ny active sites, as shown below Egs. (1)-(3) [7].

M-NGCs + Hy02—M-NGCs-Hy0, (€8]

M-NGCs'H;0, + e—M-NGCs(OH) + OH™ 2)
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Fig. 4. (a) The CVs of the glassy carbon electrodes modified by NGCs, Fe-NGCs,
Co-NGCs, Ni-NGCs or Cu-NGCs in presence of 5mM H,0, at a scan rate of
50mV s~ '. (b) The CVs of the GCEs modified by Fe-NGCs in presence of dif-
ferent concentration of H,O,. (c) The CVs of the GCEs modified by Fe-NGCs in
presence of 5mM H,0, at different scan rates and insert: the calibration curve
of current vs. scan rate at -0.35V (vs. SCE).

M-NGCs(OH) + e—M-NGCs + OH™ 3

To further investigate electrochemical properties of Fe-NGCs to

Sensors & Actuators: B. Chemical 305 (2020) 127550

H,0, electrocatalysis, the catalytic response of Fe-NGCs toward H,0,
electrocatalysis at various H,O, concentrations are evaluated. The
cathode current is significantly enhanced with the increasing con-
centration of H,O, (Fig. 4b), which is a typical expression of catalytic
decomposition reaction of H,O,. In addition, the electric transfer per-
formance of Fe-NGCs can be measured by CV at different scan rates in
presence of 5mM H,0,. The cathodic current increase greatly which is
proportional to the scan rate, and the calibration curve of current vs.
scan rate at -0.35V is calculated as I (uA) = —0.57 v (mV s~ %) - 37.87
(R? = 0.995) as shown in illustration of Fig. 4c. Therefore, the elec-
trochemical kinetics for detection of H,O, is controlled by diffusion and
adsorption of H,O, molecules, illustrating the Fe-NGCs with high spe-
cific surface area and nanoporous structure have a promising potential
for detection of H,0,.

In order to determine the optimal detection potential for the am-
perometric response of the GCEs modified by Fe-NGCs to H,0,, the i-t
curves are obtained under different potentials ranging from -0.3 ~
-0.4 V with continuous additions of H,O,, at interval of 50 s. As shown in
Fig. S8a, the responsive current reach a maximum value at -0.35V.
Obviously, the highest current and lowest noise suggest -0.35V can be
used as the optimal detection potential. To further confirm the ability of
prepared samples to electrochemical detection of H,0,, the ampero-
metric responses of electrodes modified by different samples are tested
with successive additions of HyO, at -0.35V (Fig. S8b). The Fe-NGCs
shows much higher catalytic activity than other samples, which verifies
the previous result of CV test.

The main properties (including sensitivity, linear range, and de-
tection limit) of the GCEs modified by Fe-NGCs to detection of H>O- are
studied by amperometry at applied potential of -0.35V (Fig. 5a). The
illustration displays the amplified current detail of the it curves for low
concentration of H,0,. It’s discovered that the current responds im-
mediately after adding H,O, for about 4s and quickly reaches steady
state, indicating the GCEs modified by Fe-NGCs are provided with ex-
cellent electrocatalytic performance and fast response for H,O,. As
shown in Fig. 5b, the liner range of the GCEs modified by Fe-NGCs
response to H,0, is applied in H,O, concentration range from 1 uM to
5mb], and the liner regression equation is as follows: I (uA) = -13.32C
(mM)-24.41 (R? = 0.99). An excellent sensitivity which reach 180 pA
mM ™! cm? is obtained by calculating the ratio of the slope of the liner
regression equation and GC electrode area. The limit of detection (LOD)
of this electrode to H,0, is calculated to be 0.53 uM by the formula:
LOD = 3(RSD/slope) (where RSD is the standard deviation to the
average measurement of blank sample, slope is from the liner regression
equation) [1,19,20].

It is noticed that excellent activity and favorable performance of Fe-
NGCs for sensing H,0, is ascribed to their own unique structure with
high specific surface area and good graphitization: high specific surface
area of NGCs with uniformly N-doping synergistically promote uniform
distribution of Fe ions to form a large number of Fe-N, active sites and
their centers have positive charge to easily adsorb HO, ™~ ionizing from
H,0,, leading to efficient H,O, reduction. This can be supported by the
inset in Fig. 4c: the insert shows the current is proportional to the scan
rate which means the electron transfer process is controlled by ad-
sorbed species. High specific surface area of Fe-NGCs also improves the
stability of such prepared sensors by preventing Fe from agglomeration.
Additionally, nanoporous structure of Fe-NGCs provides with large
number of channels for fast diffusion of H,O, and products to shorten
their diffusion route, which might achieve a fast response to detecting
H50,. Simultaneously, good graphitization of Fe-NGCs enhances their
conductivity to achieve rapid electron transfer and makes Fe-NGCs
stable in complex electrochemical environments. Finally, the peak area
ratio of the Fe-Ny bond is 43.5 %, occupying a dominant position in
nitrogen species, which is far greater than 20.0 % Co-N and 20.8 % Ni-N
and 25.0 % Cu-N (Figs. 2b, S4b, S5b and S6b), suggesting Fe-N co-
ordination much easier forms in the condition of our experiment than
Co-N, Ni-N and Cu-N, which might lead to the highest performance of
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Fig. 5. (a) Amperometric response of GCEs modified by Fe-NGCs to successive additions of H,O at -0.35 V (vs. SCE) and insert: amplified portion of i-t curves for low
concentration of H,O,. (b) The calibration curve of the GCEs modified by Fe-NGCs responding to H,O,.

Table 1

Comparison of the sensor modified by Fe-NGCs with reported electrochemical H,O, sensors.

Modified electrodes Medium Linear range Detection limit / pM Sensitivity / yA mM ! cm™ Reference
/ mM

NiC0,S4/rGO 0.1 M NaOH 0.025-11.25 0.19z.star; 118.5 [1]

AuNBP/MWCNTs 0.1MPB pH =7 0.005-47.3 1.5 170.6 [3]

Cep.9Tbg 10y crystals 0.1M PB pH = 7.4-8 0.0001-4.2 7.7 13.0 [11]

{PEI/rGO}-Au@PsW,g/ITO 0.4M PBS pH = 7.0 - 0.31 74.6 [12]

Au-NPs/N-GQDs/GC 0.1MPB pH = 7.4 0.00025- 0.12z.star; 186.2 [19]
13.327

Ag/NCNFs 0.2M PBS pH = 7.0 0.02-20 0.15 142.2 [5]

3D-NS-900/GCE 0.1 M PBS pH = 7.0 0.0005-14 0.18 - [71

AgNPs/PANI/HNT 0.1M PBS pH = 7.0 0.0005-4.7 0.3z.star; 74.8 [20]

PVA-MWCNTs-PtNPs 0.1M PBS pH = 7.0 0.002-3.8 0.7 122.63 [21]

NiO/a-Fe,03 0.5MPB pH =7.0 0.5-3 50 95.6 = 3 [24]

Fe3C/NG 0.1 M PBS pH = 7.0 0.05-15 35 - [28]

40— 46 nm PB-Fe,03 0.025M PBS 0.02-0.3 7 - [29]

pH=6.0

Hb-PIT@Fe304/GCE 0.1M PBS pH =7 0.002-0.35 0.54 - [30]

Fe®*/PB/H-PPy 0.5M KCI HCl pH=3.0 0.005-2.775 1.6 484.4 [31]

Fe-NGCs 0.1MPBpH =7 0.001-5 0.53z.star; 184.4 This work

z.star; Results are calculation by the same method.

the Fe-NGCs-modified GCEs among our prepared M-NGCs-modified
GCEs. Thus, the sensory performances for H>O, detection of the GCEs
modified by Fe-NGCs are comparable even exceeded, compared with
some of the precious metal-based sensors [1,3,5,7,11,12,19-21,24].
The main performance indicators of the GCE sensors modified by Fe-
NGCs and other reported H,0, sensors are listed in Table 1. Although
some reported works achieved higher performance, the advantage of
our work is that Fe-NGC can efficiently detect H,O, without usage of
noble metals or enzymes.

3.3. The selectivity and stability of the sensor

In real detection application, the selectivity is one of most important
factors due to several substances such as glucose, ascorbic acid (AA)
and uric acid (UA) dopamine (DA), Na,SO,4, KOH are generally coex-
isting with H,0, in real samples which may interfere original sensitivity
to H,0, detection [38-40]. Fig. 6a shows the amperometric response of
Fe-NGNs electrode with sequentially adding 1 mM H,0,, 10 mM glu-
cose, 10 mM AA, 10 mM UA, 10 mM DA, 10 mM Na,SO,4, 10 mM KOH
and 1 mM H,0, at room atmosphere. The responsive current has sig-
nificant changes after adding 1 mM H»O,. Even though the concentra-
tions of glucose, AA, UA, DA, Na,SO4 and KOH are much larger than
H,0,, there are small change of current. It is caused by adding

additional 10 vol% PB solution to dissolve interfering substances to lead
to a decrease in the concentration of H,O,. Thus, these kinds of po-
tential interfering substances (such as glucose, AA, UA, DA, cations and
anions) could not influence the modified GCEs for detection of H,0,,
indicating the modified GCEs have high selectivity to the electro-
chemical detection of H>O, in pH = 7 buffer solution. As Fe and N co-
doped carbon materials are sharply developed to efficiently catalyst
oxygen reduction, influence of O, concentration for detecting H,O,
with the GCEs modified by Fe-NGCs has been evaluated by testing the
GCEs in N, or O, saturated 0.1 M PB solution. Results of detecting H>O,
have been compared in solution with degassing O, and in O, saturated
one and no distinguished amperometric response has been found
(Fig. 6b), indicating existence of O, can be ignored in detecting H,O, by
amperometry, when pH of the solution is around 7. Thus, Fe-NGCs-
modified GCEs can detect H,O, without degassing O,, as major re-
quirements of detecting H,O are carried out in the solution with pH of
~7. With alkalinity of the solution increasing, catalysis of Fe-NGCs
towards O, reduction might rise, leading to such solution should be
degassed before detection of H,O,. The stability of the modified GCEs is
measured by CV and amperometry (Fig. S9). The retention rate of the
responsive current is still 96.8 % after 100 tests cycles in 5mM H0,
solution (Fig. S9b), while the retention rate of the modified sensor is
still 99 % (Fig. S9c: the sensor is tested in 5mM H,0, solution under
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Fig. 6. Amperometric response of GCEs modified by Fe-NGCs to the additions of
1mM H,0,, 10mM glucose, 10mM AA, 10mM UA, 10mM DA, 10 mM
NapSO4, 10 mM KOH and 1 mM H,0, in 0.1 M phosphate buffer solution (a) or

in N, saturated/O, saturated buffer solution (b). (c) i-t curve when detecting
H,0, in mixture of 20 vol% milk and 80 vol% PB buffer solution.

amperometric conditions after 1800s). Additionally, the response cur-
rent of the Fe-NGC modified sensor after 50 CV cycles (Fig. S9d) is
closed to that of the sensor without CV (Fig. 5a), indicating good sta-
bility of the Fe-NGC modified sensor.
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3.4. Demonstration of practical applications

Hydrogen peroxide is used in the sterilization of the equipment for
treating milk and fruit juice, while its presence can contaminate them.
Detection of H,O, in milk and fruit juice are investigated to further
verify the feasibility of the GCEs modified by Fe-NGC in real sample
[1,3,41]. Fig. 6¢ and Fig. S11a shows the amperometric response of the
modified GCEs to H,O, with adding H,0,. The corresponding polar-
ization curve is shown in Fig. S10 and Fig. S11b, and the slope is cal-
culated to be -13.72 (milk) and -13.42 (fruit juice), respectively. The
recovery information in various concentrations of H5O is listed in Tab.
S2. Compared with standard curve, the recovery rate of H,O, is 103.0
% (milk) and 100.8 % (fruit juice), indicating the modified sensors
could be applied in electrochemical detection of H,0,. H,O, has also
been detected in a lens cleaning liquid and a mouth wash liquid. With
concentration of surfactant increasing, the performance of detecting
H,0, becomes poor in the solutions (Fig. S12, S13 and Tab. S2). As Fe-
NGCs have a unique graphitic structure and high specific surface area,
they might have other applications in wide areas as adsorbents, elec-
trode materials, or energy storage media [42-50].

4. Conclusions

In summary, the nanocomposites based on N-doped porous-walled
graphitic nanocages with high specific surface area have been suc-
cessfully doped by transition metal ion (Fe, Co, Ni or Cu) towards ef-
ficient H>O, electrochemical catalyst.

Fe-N coordination much easier forms in the condition of our ex-
periment than Co-N, Ni-N and Cu-N, which might lead to excellent
electrochemical performance of Fe-NGCs, including wider linear range
(0.001 -5mM), lower LOD (0.53puM), higher sensitivity
(184.4pAmM ™! em™2), selectivity and stability. With high specific
surface area (920 m? g_l), mesopore volume (1.6 cm3g_1) and good
graphitization, the synergistic effects of Fe ions and N-doped structure,
which improves dispersion of metallic ions and increases active sites,
plays a very important role in detection of H,O,. In demonstration of
practical applications, the Fe-NGCs is provided with good recovery rate.
The results indicate that the prepared Fe-NGCs nanocomposite will be a
potential material for the modification of noble-free metal H,O, sensor.
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