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Abstract Cationic iron (III) tetrakis-5, 10, 15, 20-(N-methyl-
4-pyridyl) porphyrin (Fe""TMPyP) was intercalated into lay-
ered semiconductor KNb3;Og by ion-exchange method. The
target product was characterized by XRD, Fourier transform
infrared, UV—vis, and TGA. FeHITMPyP forms an inclined
monolayer between Nb;Og  nanosheets and endues the nano-
composite with excellent electrochemical catalytic activities.
The target nanocomposite modified glass carbon electrode
shows good electrocatalytic activities for the oxidation of
ascorbic acid (AA); the catalytic mechanism was proposed.
Differential pulse voltammetric technique was used for detec-
tion of AA in neutral aqueous solution; a detection limit of
4.2x107° M was obtained, and the modified electrode showed
good reproducibility in electrochemical detection.
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Introduction

Ascorbic acid (AA) is a kind of antioxidant exiting in many
biological species; it can participate in many important bio-
logical processes, thus finds wide applications in food and
pharmaceutical industries [1, 2]. Electrochemical detection of
AA by various modified electrode have been fabricated to
overcome the electrode fouling and poor reproducibility of
bare electrode substrates, including carbon nanotube [3], ce-
ramic film [4], metal oxides [5], electrochemical polymerized
film [6, 7], and so on.

Porphyrins and porphyrin derivatives are very important
compounds in biological process with many attracting proper-
ties [8, 9]. Since they are also widely used in mimic enzymatic
systems, their electrocatalytic capabilities on various analysts in
biochemistry have been put forward, and porphyrin modified
electrode have been employed in determination of AA and
other biochemicals [10—12]. Interactions of water-soluble
metalloporphyrin Fe" TMPyP with various compounds relating
to biological functions have been intensively studied. For ex-
ample, the mechanism of its electrochemical reduction of mo-
lecular oxygen has been discussed since the late 1970s [13—19];
its interaction with deoxyribonucleic acid (DNA) has been
reported, and immobilization with DNA as modified electrode
in detecting nitrite was investigated [20]; the electrocatalytic
reactions of iron porphyrin on sulfur oxoanions [21] and hy-
drogen dioxide (H,O,) [16, 22-24] have also been studied.
However, the direct utilization of iron porhyrin in electrochem-
ical analysis is not very convenient because it can dissolve in
water and is poor in stability and reproducibility as electrode
modified material. Many methods have been proposed to over-
come the above inconvenience; self-assembled monoplayer
(SAM) [25] or electroploymerization [26] of porphyrins or
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metalloporphyrins on electrode surface were proved to be
sucessful, and meralloporphyrins-modified electrode with car-
bon nanotubes are also effective in electrocatalytic reduction on
dioxygen [27] and CO, [28].

Recently, it is preferred to use insoluble catalyst because it
would remain on the surface of the electrode when immersed
in the solution. Therefore, intercalation of porphyrins and
metalloporphyrins into two-dimensional inorganic matrices
has been widely investigated, among which layered metal
oxide semiconductors (LMOS) [29, 30] attract many scien-
tists. Intercalation of porphyrins into hydrated vanadium (V)
oxide [31], layered niobates [32, 33], and silica [34] have been

Fig. 1 a XRD patterns of (a)
KNb308 pOWder, (b) HNb308,
(c) P:INH;"—Nb;0s, and (d)
Fe"TMPyP-Nb;Og; b proposed
structural model of the
Fe"TMPyP-Nb,05
nanocomposite; and ¢ TG-DSC
curves of FeHITMPyP—Nb308
powder

b

reported to find utilization in catalysis and electrochemistry as
well as photochemistry. Our research team has reported inter-
calation composite of metalloporphyrin with K4NbgO-
[35-38] and KNb3Og [39], and the intercalated metallo-
porphyrins have been proved to be stable in interlayers and
retain chemical activities; potential applications in electro-
chemical detection of O, and H,O, and catalytic epoxidation
have been proposed. Here, we report the preparation of
Fe'"TMPyP-intercalated KNb;Og (labelled as Fe"'TMPyP—
Nb3Og) and its electrochemical catalytic activities on ascorbic
acid. To the best of our knowledge, this is the first report for
the utilization of metalloporphyrin/ LMOS in the detection of
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AA; the reaction mechanism of the catalytic oxidation is
discussed, and the results show the promising utilization of
the Fe'"TMPyP-Nb;0g nanocomposite as electrode-modified
material for detection of AA as well as other biochemicals.

Experimental
Preparation of the Fe""TMPyP-Nb;Og nanocomposite

KNb3;Og was prepared through a solid-state reaction [33];
HNDb;Og was obtained by acidification of KNbsOg in a 6-M
HCI solution for 3 days at room temperature by renewing the
acid solution every day. Iron (III) porphyrin was synthesized
according to the literature [40]. Intercalation of iron (III) por-
phyrin was achieved through ion-exchange process using
PrNH; —Nb;Og as intermediate, which was obtained by stirring
a mixture of HNb3;Og and 50 % n-propylamine aqueous solu-
tion for 2 weeks. Ion-exchange process was performed by
treating PrNH; —Nb;Og with excess Fe""TMPyP in aqueous
solution at 50 °C for 4 weeks; the solution was kept in the dark
to avoid degradation of porphyrin by the light. The dark gray
powder of Fe""TMPyP-Nb;Og was separated from the above
solution by centrifuging, washed thoroughly, and dried at 50 °C.

Fabrication of F emTMPyP—Nb3Og/GCE

The FemTMPyP—Nb308/GCE was fabricated as follows:
2 mg Fe""TMPyP-Nb;Og was dispersed in 2 mL ultrapure
water through ultrasonic treatment until a stable suspension
was obtained and then, 6 L of the suspension was cast on the
surface of a glass carbon electrode (GCE) and dried at room
temperature for at least 24 h. The acting electrolyte was
0.1 mol L™ phosphate buffer solution (PBS) solution; the
pH was adjusted by phosphate acid solution and NaOH solu-
tion. A 0.2-M AA solution was used for successive addition
the electrochemical catalytic studies. The modified electrode
was rinsed with 0.1 mol L™' PBS (ph=7.0) after each mea-
surement and stored at 4 °C.

XRD analysis was carried out in an M21X (MAC Co., Ltd.)
diffractometer (monochromatic Cu Ko« radiation, A=
0.15406 nm) at 30 kV and 30 mA with 26 going from 1.5° to
40° in 1° steps. Ultraviolet (UV) absorption spectra were collect-
ed using a UV—-vis spectrometer (UV-2550). Fourier transform
infrared (FTIR) spectra were measured on a Nicolet Impact 410
FTIR spectrometer with the use of KBr pellets. Thermal gravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) analysis were recorded on a Shimadzu DTG-60 apparatus
at a heating rate of 20 °C min', from room temperature to
800 °C in nitrogen. Elemental analysis was performed with a
Perkin Elmer 2400-CHN elemental analyzer. Electrochemical
experiments were carried out through a CHI 660C electrochem-
ical workstation using a conventional three-electrode electro-
chemical cell at room temperature, with a platinum electrode as
the counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and the FemTMPyP—Nb3Og/GCE as the
working electrode.

Results and discussion
Characterization of the nanocomposite

The layered structure was studied by XRD. It can be seen in
Fig. 1a that the d y,( peak of the layered product shifted toward
lower 20 angle during the intercalation. The host KNb;Og has
a d gy peak corresponding to a basal spacing of 1.059 nm, so
the thickness of the Nb;Og ™ slab is calculated as 0.819 nm by
subtracting the size of interlayered K™ ions (about 0.24 nm in
diameter) [41]. Likewise, by substracting the thickness of the
Nb;Og~ layer, the Fe""TMPyP-Nb;Og has a net interlayer
space (Ad gao) of 1.225 nm. Fe"™ TMPyP is estimated to have
a molecular dimension of about 1.80%1.80 nm [36], so we
draw the conclusion that Fe"'TMPyP forms a monolayer
inclined to the host layer, and the tilted angle of its long
molecular axis to the layer is approximately 43°, as was
shown in Fig. 1b.
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Fig. 3 a CVs of Fe""TMPyP-Nb;Og/GCE in 5x10™* M K;[Fe(CN);]
and 0.1 M KNO; as the supporting electrolyte, v (from inner to outer):
0.10,0.15,0.20, 0.25, 0.30, 0.35, 0.40, 0.45,0.50 V s~ '. Inset: calibration
of I,. vs square root of scan rate; b cyclic voltammograms (CVs) of
10°M Fe""TMPyP (dashed line) and Fe™TMPyP-Nb;Og/GCE (solid
line) in N,-saturated 0.1 M PBS (pH=7.0) at scan rate of 100 mV s '; (c)
CVs of Fe™TMPyP-Nb;0s/GCE in N,-saturated 0.1 M PBS (pH=7.0)
at scan rate (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250,
300, 350, 400 mV s ' from inner to outer. Inset: calibration curves of 1,
with v and 7, with »'""?

From the elemental analysis result (7.02 % C, 1.52 % N,
and 0.98 % H), the C/N mole ratio is calculated as 5.39, which
is very close to the expected value (5.5) of the nanocomposite,
indicating that almost all propylamine cation was exchanged
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by the iron porphyrin. Furthermore, we proposed the formula
of the niobate-metalloporphyrin hybrid as (Fe""TMPyP), ¢
Ho.74—Nb30g°0.67 H,O. The TGA curve (Fig. 1¢) coincides
with the elemental analytic result, which shows two processes
including the first weight loss of water from room temperature
to 200 °C (approximately 3 %) and the second weight loss by
the decomposition of metalloporphyrin (approximately 9 %)
in the range of 200—-600 °C. The NbsOg layer has a charge
density of 0.171 nm? per negative charge [33], so the area
occupied by each Fe""'TMPyP ion can be calculated as 0.171/
0.06=2.85 nm?, which suggests a 1.69-nm distance between
adjacent Fe'' centers.

The comparison of the FTIR spectra of Fe''"TMPyP—
Nb;Og hybrid and Fe"'TMPyP was shown in Fig. 2a; for
Fe""TMPyP-Nb;Og hybrid, there is a good correlation of
the vibrational peaks within 1,600-1,400 cm ! with
Fe""TMPyP compound. Typically, absorption peak at
1,640 cm ' is attributed to the C=N stretching of pyridine
substituent, peaks at 1,512 and 1,462 cm ! are assigned to the
stretching vibration of C=N and C=C of porphyrin rings [36].
The absorption peaks between 1,050 and 1,200 cm ™' weaken
greatly, which may be caused by the space confinement by the
host layers. The strong bands between 400 and 1,000 cm™ " are
typical absorption of the Nb-O stretching vibration of the host
layer. UV-vis spectrum of Fe""TMPyP-Nb;Og cast film in
Fig. 2b shows the strongest Soret band at 426 nm and a weak
Q bands between 550 and 700 nm (curve b). The 2 nm red
shift of Soret band (comparing to curve a, the spectrum of
Fe""TMPyP) is believed to be the result of flattening of the
metalloporphyrin molecule on the surface of inorganic
nanosheets [42], besides, the shift is very small, suggesting
little aggregation of metalloporphyrin in the hybrid [32], and
the matrix environment plays the major role in the spectrum
characteristics [33].

Electrochemical characterization of the Fe" TMPyP-Nb;Oy/
GCE

We tested the effective surface area of the Fe"'TMPyP—
Nb;Og/GCE using K;[Fe(CN)y] as a probe. The experiment
was performed in 5x10™* M K;[Fe(CN)] solution at various
scan rates (Fig. 3a). For a reversible process, the following
equation can be utilized [11]:

I, = 2.69 x 10°(Dg)" 242’12,

here, for [Fe(CN)**/[Fe(CN)s]*", n=1, Cy=5%10"" mol cm >,
Doy=1x10"° em?*s ' [11], in consequence, the calculated effec-
tive surface area of the modified electrode is 0.0313 cm?.

A comparison of the electrochemical behaviors was made
between Fe"'TMPyP in aqueous solution and Fe"'TMPyP—
Nb3;Og/GCE in Fig. 3b. There is a pair of redox peaks for
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Fig. 4 a CVs of (a) KNb;Og/ a

GCE, (b) Fe""TMPyP-Nb;0g/
GCE in blank 0.1 M PBS

(pH 7.0), and (¢) KNb3;Og/GCE,
(d) bare GCE, and
(e)Fe""TMPyP-Nb;05/GCE in
0.1 M PBS (pH 7.0) with 1.0x
10 M AA, scan rate: 50 mV's ;
b CVs of Fe'"TMPyP-Nb;Og/
GCE at different pH; ¢
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Fe""TMPyP in aqueous solution at —0.216 and —0.135 V, re-
spectively, with a peak separation (AE,) of 83 mV; for
Fe""TMPyP-Nb;Og/GCE, the corresponding redox peaks ap-
pear at —0.231 and —0.113 V, and a broadened AE,, of 118 mV
is observed. This is supposed to be a result of the semiconductor
characteristics of the host niobate [43] and the adsorption
process on the electrode [44, 45]. Besides, the blocking effect
of the host layer on the charge transfer of metalloporphyrin
reaction might be another reason for the larger peak separation
[46]. The cyclic voltammograms of the hybrid at different scan
rates (v) were plotted in Fig. 3c. I, increases linearly with v
when v is between 10 and 100 mV s ', indicating that the redox
reaction of intercalated metalloporphyrin undergoes a surface
controlled process. The peak separation remains almost con-
stant at the observed scan rates, which confirms that the state of
the intercalated Fe"" TMPyP is quite stable on the electrode
surface in the experimental conditions. When v lies between
150 and 400 mV s ', I pa 1 proportional to v'2, which means
the electrochemical process becomes diffusion-controlled.

The linear relationship here can be expressed by the fol-
lowing theoretical equation [47]:

I, = n* F*vAI'JART

where n is the number of the electron transferred in the reaction,
F the faraday constant, 4 the surface area of the electrode
(0.0313 cm?), v the scan rate, and I” the surface coverage. From
the slop of curve I, vs v, I can be calculated as 5.82x 10" mol
cm 2. On the other hand, from the estimated area occupied by
each Fe""TMPyP ion (2.85 nm?) in section 3.1, we can also

work out the surface coverage of the hybrid on the GCE as
5.83x10"" mol cm * which coincides with I" calculated from
the electrochemical data. Furthermore, the theoretical surface
concentration of a plain monolayer Fe"" TMPyP calculated from
its molecular size is 5.13x 10" mol cmfz; it is obvious that the
intercalated metalloporphyrin is more densely arranged in the
nanocomposite film than in a plan monolayer. Therefore, we
propose that the Fe""'TMPyP-Nb;O¢/GCE has the potential to
produce stronger voltammetric responses, and the ordered ar-
rangement of Fe"™" TMPyP in the intercalation is feasible for
quick electrochamical reaction at low scan rates.

Electrocatalytic oxidation of AA at Fe""TMPyP-Nb;Og/GCE

Figure 4a compares the cyclic voltammetric behaviors of 1%
102 M AA at bare GCE, KNbyOg/GCE, and Fe"'TMPyP—
Nb3;Og/GCE in 0.1 M PBS (pH 7.0). There is a strong oxida-
tion process of AA when the potential moves positive, while
the coupled cathodic signals were absent in the reverse scan.
This could result from the irreversibility of the electron trans-
fer process; on the other hand, the coupling of fast irreversible
post-electron-transfer chemical reactions might make the re-
duction process of AA vanished [48, 49]. Obviously, the
oxidation peak potential (£,) of both modified GCE moves
toward negative than GCE, indicating a catalytic oxidation of
AA. However, the oxidation peak current (/,,) at KNb;Og/
GCE is weaken; this may be resulted from the increasing
electric resistance from the semiconductive niobate. The oxi-
dation peak potential (E,,) of AA at Fe'"TMPyP-Nb;0y/
GCE locates at 162 mV, which is 154 mV negative than the
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Fig. 5 Calibration curves of /,, a b
vs concentration of AA using 10 | | =(3.97:0.05)c_+(0.46+0.06) 70 1 ,=(2.38+0.06)c,,+(5.99:0.98)
differential pulse voltammetry. ’ M 60 | r=0.994, n=9
Concentration of AA: a 1.0x L
10* M to 2.37x107> M and b 50 -
3.92x10° M t0 2.76x10° M < w0l

~ 30}

20
n n I n n 1 10 [ 1 1 n 1 2 1 " 1 n
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E, at bare GCE; besides, /,,, increases by ca. 30 %, and the
shape of anodic peak becomes sharper. All of these are typical
characteristics of an electrochemical catalytic oxidation pro-
cess, so it is obvious that Fe'"TMPyP-Nb;Oy facilitates the
electron transfer for the reduction of AA. The observed 7, is
larger than the reported self-assembled monolayer of
MPPTPCo(Il)-modified Au electrode [50]; we ascribe this to
the unique layer structure of the F eIHTMPyP—Nb3Og hybrid,
the inclined monolayer arrangement of iron porphyrin in the
hybrid makes it a potential electrocatalyst in detection of AA.

Investigation on the mechanism of electrochemical oxidation
of AA at Fe""TMPyP-Nb;Os/GCE

The cyclic voltammograms of AA at Fe"'TMPyP-Nb;Og/
GCE in 0.1 M PBS with different pH were investigated and
shown in Fig. 4b. It is obvious that the anodic catalytic peak
current reaches the highest when pH is 7.0; Fig. 4c gives the
influence of pH on the peak potential £, and peak current /,,
of AA at Fe""TMPyP—Nb;0g/GCE. When pH increases from
4.12 to 7.0, E, shifts toward negative direction, indicating
that proton takes part in the oxidation of AA. When pH is
above 7, E,, moves toward positive direction and /,, de-
creases, meaning that the catalytic activities are weakened in
alkaline solution. Judging from the electrocatalytic activities
and considering the environment of the physiological system
in bioanalysis, pH 7.0 was chosen for further study on detec-
tion of AA.

Table 1 Comparison for determination of AA at different modified
electrodes

Modified electrode Linear Detection Reference
range (M) limit (M)
Poly (bromocresol purple) 2x10°-7x107* 6.5x107° [6]
MPPTPCo(II)-SAM 12x1078-3.9%x107° 2.6x107° [50]
Wormlike Pd/C 5x10*-1x1072 / [57]
Nafion/ MWNT 8x107°-6x107° 4x107°  [58]
Chitosan/ cetylpyridinium 4x107°-1x107° 8x107  [59]
bromide
Fe"TMPyP-Nb,05 1.0x10*2.76x102 4.2x10" This work
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The relationship between peak current of AA at Fe'

TMPyP—Nb;0g/GCE and scan rate in 0.1 M PBS (pH=7.0)
was investigated. As is shown in Fig. 4d, /,,, is proportional to
v'2, indicating that the oxidation of AA on the Fe""TMPyP—
Nb3;Og/GCE is a diffusion controlled process. Besides, the
value of £, moves positively with the increase of scan rate,
which is also attributed to the irreversibility of oxidation of
AA[51, 52]. We also plotted the relationship of log /,, vs log
caa (not given), a well-defined straight line with a slope of
1.09 is worked out, which means that the electrode process on
FemTMPyP—Nbg,Og/GCE is a first-order reaction toward AA.
Ascorbic acid has two acid protons (named H,A); its
oxidation at below pH 8 undergoes two successive one-
electron oxidation steps accompanied by rapid dehydration,
which makes the oxidation process irreversible [1, 50, 53—-55].
On the basis of the above investigations on the electorche-
mical oxidation of AA at F eHITMPyP—Nb3OS/GCE, we pro-
pose the catalytic mechanism of oxidation of AA on
Fe""TMPyP-Nb;Os/GCE as follows [50, 54, 56]:

HoA—HA™ + H' (1)
Fe"TMPyP + HA™—Fe'TMPyP---A™ + H* (2)
Fe"'TMPyP---A™—Fe'TMPyP + A + ¢ (3)
Fe"TMPyP—Fe"TMPyP + ¢~ (4)

The overall reaction is: H,A—A-+2H +2¢"

In this mechanism, reaction 1 is fast, so the monoascorbate
anion HA’ is in majority. HA™ migrates to the surface of the
modified electrode and undergoes one-electron oxidation pro-
cess to form a radical anion intermediate A ; the electron is
captured by Fe""TMPyP to form Fe""TMPyP, which interacts
with A” immediately through axial coordination to form an
active intermediate, as is proposed in reaction 2. In reaction 3,
A’ loses one electron and departures the intermediate to form
dehydro-L-ascorbic acid A and then undergoes a rapid
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hydration reaction to form the final electroinactive product.
The iron porphyrin Fe""'TMPyP will be recovered through
reaction 4. In consequence, AA is oxidized on Fe''TMPyP—
Nb3;Og/GCE through a irreversible oxidation process, and no
obvious reduction peak of AA can be seen in the negative
scans of cyclic voltammograms. Moreover, it is demonstrated
from Fig. 4d that the electrocatalytic process of AA by
Fe'"TMPyP-Nb;O¢/GCE is a diffusion-controlled process,
so we propose that the migration of HA™ onto the modified
electrode surface is the rate controlling step.

Determination of AA with F eHITMPyP—Nb3Og/GCE

Determination of AA concentration using Fe'"TMPyP—
Nb;Og/GCE was carried out by differential pulse voltammetry
technique. The calibration line of electrochemical catalytic
oxidation peak current /p, at Fe'"TMPyP-Nb;Og/GCE vs
concentration of AA was given in Fig. 5, and it can be seen
that 7, is proportional to ¢ 5 o in two concentration ranges, the
regression equations are /,, (LA)=(3.97£0.05) cAa (mM)+
(0.46+0.06) (r=0.998, n=8) from 1.0x10™* M to 2.37x
107 M and I (HA)=(2.38+£0.06) can (mMM)+(5.99£0.98)
(=0.994, n=9) from 3.92x 10> M to 2.76x 10 > M, respec-
tively. The detection limit is 4.2x107° M with a signal-to-
noise of 3. The presented result is compared with some
reported work in detection of AA, as is shown in Table 1,
and it can be seen that the nanocomposite has good detection
property at higher concentration range. In order to evaluate the
storage stability of FeIHTMPyP—Nb3Og/GCE, we measured
the current response with 1x10° M AA by every day use.
The peak current decreased to 92 % after 10 days, so the
nanocomposite fabricated biosensor is quite stable.

Unlike Co™TMPYyP, it is difficult for Fe""'TMPyP to adsorb
on the GCE surface in phosphate solution [15, 60], which limits
its utilization as electrochemical catalytic material. Here, the
Fe""TMPyP-Nb;0g nanocomposite is a successful example of
immobilization of iron porphyrin on the electrode, and its elec-
trochemical amplification of the current response of AA makes
it a promising material for fabricating biosensors. The electro-
catalytic activities is comparable to electropolymerized porphy-
rin [61], porphyrin-SAM [50], or porphyrin-MWCNT [11]
modified electrode; its quick reaction with AA makes it an ideal
material for detecting AA as well as other bioactive species.

Conclusion

A novel iron porphyrin intercalated niobate Fe'"TMPyP—
Nb3Og has been prepared by a simple ion-exchange method.
The hybrid was characterized by XRD, FTIR, UV, and TGA.
The structural model of the hybrid was established, and the
guest Fe""TMPyP forms an inclined monolayer in the layer
spaces of the host niobate. Such tailored structure enhances the

electrocatalytic activities of the hybrid. The electrochemical
catalytic oxidation of AA at the Fe"" TMPyP-Nb;Og/GCE
was investigated for the first time; the detection limit was
determined to be 4.2x107°> M. The latent capability of the
hybrid as biosensor material was proposed.
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