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ABSTRACT 
Palladium nanoparticles, electrically deposited on the surface of graphite electrodes, exhibit catalytic 
activity during the oxidation of oxalic acid. In this case, a multiple increase in current is recorded in 
comparison with the oxidation current of a modifier and the reduction of oxalic acid oxidation overvoltage 
in comparison with an unmodified electrode. It has been established that the development of a highly 
dispersed structure of nanoscale palladium particles on a graphite electrode coated with a polymer film 
from nafion leads to the increase of platinum metal catalytic activity during oxalic acid electric oxidation. 
The catalytic response of a polymer composite electrode is highly stable and reproducible. They proposed 
the method of flow-injection amperometric determination of oxalic acid on a graphite electrode modified 
with a nafion film with included palladium nanoparticles. The linear dependence of the analytical signal of 
a composite electrode on the concentration of oxalic acid is observed in the range from 5.0x10-7 mol/l to 
5x10-3 mol/l. The detection limit, calculated by the 3s-criterion makes 3.5x10-7 mol/l. The developed 
method is characterized by simplicity, high sensitivity and reproducibility, as well as by the 
expressiveness and the productivity of the analysis method (180 samples/hour). The proposed method for 
the flow-injection determination of oxalic acid was used during the analysis of urine.  

Keywords: chemically modified electrodes, nafion film, palladium nanoparticles, flow-injection 
amperometric determination of oxalic acid. 

 
INTRODUCTION 
Oxalic acid (OA) and its salts play an important role in a human body [1-3]. For example, the excess of 
OA slows the absorption of calcium, which can lead to The violation of salt metabolism. With the 
violation of oxalate metabolism, such diseases as kidney stone disease, diarrhea, etc. are associated. 
Therefore, the development of rapid and simple methods to determine the concentration of OA in 
biological fluids is of undoubted interest. 

Various methods are used for the quantitative determination of OA and oxalates: chemical [4, 5], spectral 
[6, 7], chromatographic [8], etc. But these methods either have insufficient sensitivity and selectivity, or 
differ by the complexity of sample preparation and the duration of the analysis. Among the 
electrochemical methods of analysis, the voltampermetry method is applied [9]. But OA and oxalates are 
oxidized on indicator electrodes with high overvoltage. The effects of overvoltage can be reduced by 
modifiers [10]. Therefore, voltampermetric methods of analysis based on the use of chemically modified 
electrodes (CME) with electrocatalytic properties are of interest [11]. Platinum group metals are universal 
catalysts for many electrochemical reactions [12]. 

Despite a significant amount of work on the development of CМE with electrocatalytic properties, there 
are only a few examples of such electrode use during the electric analysis of OA and oxalate ions [13-16]. 
In this paper, we considered the features of the electrochemical oxidation of OA on CME based on a 
graphite electrode (GE) covered with a nafion film with included palladium nanoparticles, and the method 
for its amperometric determination on this CME is proposed in the conditions of flow injection analysis 
(FIA).  
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METHODS 
The voltampere graphs were recorded with a voltammetric analyzer "Ecotest-VA" using a three-electrode 
cell. As a working electrode, an electrode was used from GE, as well as CME based on GE with 
electrodeposited palladium particles (Pd-GE) or on the basis of GE coated with NF film with incorporated 
palladium particles (Pd-NF-GE). The reference electrode was the silver chloride electrode, the auxiliary 
electrode was platinum wire. 

During the record of voltammograms, the superposition rate of the potential imposition (v) equal to 20 
mV/s was used. 

The PIA system included a peristaltic pump "ZALIMP", an injector, a flowing electrochemical cell (V = 
200 µl), and a voltammetric analyzer. The circuit is shown on Fig. 1. 

 

a 

 

b 

Fig. 1. Diagram of PIA system: 1 - peristaltic pump, 2 - injector, 3 - flow electrochemical cell, 4 - 
voltammetric analyzer (a); analytical response to GE under PIA conditions (b) 

The morphology study of CME surface was performed by atomic force microscopy (AFM). Scanning 
probe microscopes Solver BIO and Solver P47 by NT-MDT company were used. 

The precipitation of palladium crystallites on GE surface was carried out electrochemically carried out 
from PdCl2 solution under the conditions given in [13]. A polymer NF film was produced by "drop 
evaporation method" according to the procedure described in [17]. A composite electrode was produced 
by NF film application followed by electric deposition of the palladium particles. 

The initial aqueous solutions of OA were prepared by its exact sample dissolution. 0.1 M of H2SO4 
solution was used as the background electrolyte.  

RESULTS AND DISCUSSION 
The electric chemistry of palladium is quite complex and involves the development of oxy and hydroxy 
compounds of this metal in various degrees of oxidation (PdO, PdOH, Pd(OH)2, PdO2 and PdO3) [14]. 
The current peak at E 0.70 V is recorded on the voltamperograms obtained on the Pd-GE electrodes on the 
background of a 0.1 M of H2SO4 solution (Fig. 2a), palladium (II) compounds are formed at this anode 
branch, which are restored at the potential of the cathode peak (Eп 0.35 V) to the metal form. The scheme 
of the total reaction to the formation of PdO particles has the following form: 

Pd0  +  H2O            PdO  + 2H+ + 2 е. (1) 

At E> 1.2 V, the formation of palladium oxides at a higher oxidation state occurs simultaneously with the 
release of oxygen [14]. 

It is known [18] that the morphology of precipitation depends on a number of parameters of electric 
crystallization, the most important of which are the nature of a precursor, the composition of an 
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electrolyte, the velocity, the potential, and the time of electric deposition. In order to reduce the size of the 
metal particles, the potential-static electrodeposition conditions of the palladium particles varied: the 
concentration of the palladium salt initial solution, the electrolysis time (tэ).  

 
 

Fig.2. Cyclic voltammograms obtained on Pd-GE during the electrodeposition of palladium particles at Eэ 
= -0.40 V for 5(1), 10 (2), 40(3) s from 5x10-3 M of PdCl2 solution against 0.1 M of H2SO4 (a) and on Pd-
GE (1) and Pd-NF-GE (2) during the electrodeposition of palladium particles at Eэ = -0.40 V for 10 s from 
1x10-4 M of PdCl2 solution against 0.1 M of H2SO4 (b); the dependence of the maximum current value at 

E 0.70 V on the voltammogram on the Pd-GE from the concentration of PdCl2 in the precipitation solution 
(c) 

Fig. 2a shows that, as the electrolysis time decreases, the value of the maximum oxidation current of the 
modifier decreases, which is associated with a decrease of palladium crystallite quantity and size. 

As can be seen from the obtained ACM images of Pd-GE electrode surface at tэ = 10 s, the particles of a 
metal with the size of ~ 200 nm are formed on the surface of the electrode, which lie close to each other 
(Figure 3a), with the increase of the electrolysis time to 40 s larger formations whose horizontal 
dimensions reach 1000 nm are prevailed on the surface (Fig. 3b). 

When you study the dependence of the current maximum at E = 0.70 V recorded on the Pd-GE electrode, 
on the concentration of PdCl2 in the precipitation solution, it was found that with salt concentration 
decrease from 5 × 10-3 to 1 × 10-4 M, the current also decreases (Fig. 2 (c). This is due to the decrease of 
palladium crystallite size from 150-200 (Fig.3a) to 50-60 nm (Figure 3c) in diameter and from 80 (Fig.3a) 
to 20 nm (Fig.3c) in height. Therefore, during electric deposition, metal nanoparticles are formed from the 
dilute PdCl2 solution on GE surface. 
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Fig. 3. ACM images of Pd-GE electrode surface (a, b, c) and Pd-NF-GE (d) during the electric deposition 
of palladium particles from 5x10-3 M (a, b, s) and 1x10-4 M (d) of PdCl2 solution for 10 (a, c, d) and 40 (b) 

s 

One of the ways improving the catalytic properties of platinum metals is the electric deposition of metals 
on polymer films applied on an electrode surface [11]. Polymer films interfere with the aggregation 
process inherent in metal nanoparticles [19]. Therefore, the electrochemical properties of palladium 
particles deposited on the surface of unmodified GE and on GE-NF were compared. 

The voltammogram obtained for Pd-GE and Pd-NF-GE do not differ by form (Fig. 2b). But on the 
electrode Pd-NF-GE, the decrease is observed in the current maxima, which reflects the decrease of the 
electric-chemically active palladium centers on it. 

According to Fig. 3d during the electric deposition of a metal on NF film, isolated palladium particles are 
formed uniformly along the surface of the polymer form on the surface of the NF-GE electrode. The 
dimensions of the metal particles on Pd-NF-GE electrode (Figure 3d) are smaller than on Pd-GE electrode 
(Figure 3c), while the fraction of particles with the diameter of 50 nm and the height of 20 nm increases. 

OA on GE and NF-GE electrodes against 0.1 M of H2SO4 in the potential range of 0.0 to 1.5 V is not 
oxidized, while the standard potential for the 2CO2 + 2H+ / H2C2O4 redox system makes -0.49 V [20]. On 
the voltammogram obtained on Pd-GE electrode during the oxidation of OA, two peaks appear at E = 0.75 
V and 1.15 V (curve 4a, curve 2), which are observed at the oxidation potentials of the modifier (Figure 
4a, curve 1), but greatly exceeds the oxidation current of the modifier (Figure 4a, curve 2). The height of 
anode peaks increases linearly with its concentration increase. Consequently, at the potentials of both 
peaks, catalytic oxidation of OA takes place. 

By the study results of the peak current dependence on the rate of potential superposition, it can be 
concluded that the electric-chemical process at the potentials of the first peak is complicated by adsorption 
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(ΔlgI/Δlgv=0.75), and at the potentials of the second one by the chemical reaction (ΔlgI/Δlgv=0.35). The 
electrode process involves the electric oxidation of the modifier to form Pd (II) compounds that oxidize 
the substrate. At first, the molecules of the OA adsorbed on the metal are oxidized, and then 
heterogeneous oxidation of the acid from the solution takes place. The anode process corresponds to the 
total reaction: 

H2C2O4  +  Pd(II)  →  CO2  +  2H+  +  Pd0     (2) 

It has been established that palladium nanoparticles deposited electrically on NF-GE electrode also exhibit 
catalytic activity in the oxidation of OA (Fig. 4b, curve 2). In this case, two anode peaks are also recorded 
in the same potential region (at E = 0.70 and 1.10 V), the height of which depends on the OA 
concentration. It can be assumed that the mechanism of electrochemical oxidation of OA is preserved on 
composite CME. 

As can be seen from Fig. 4 b, during the transition from Pd-GE electrode (curve 1) to the composite 
electrode Pd-NF-GE (curve 2), the first peak of OA oxidation decreases, and the value of the second peak 
increases. The decrease in the adsorption component of the current is conditioned by the smaller amount 
of electrically deposited palladium particles on a composite electrode, and the increase of the kinetic 
component is conditioned by the greater catalytic activity of the metal nanoparticles.  

 

Fig. 4. Cyclic voltammograms obtained for (a) Pd-GE (at tэ = 30 s) and (b) for Pd-GE (1) and Pd-NF-GE 
(2) (at tэ = 10 s) (b) in the absence of (1a) and in the presence of (2a, 1b, 2b) 5x10-3 M of OA on the 
background of 0.1 M of H2SO4 solution; the dependence of the catalytic activity of palladium at the 

oxidation of 5 ×10-3 M of OA on Pd-GE (1) and Pd-NF-GE electrodes (2) on the electrodeposition time of 
the metal against the background of 0.1 M of H2SO4 solution (c) 

Fig. 4c shows the dependence of the catalytic activity of palladium nanoparticles at the oxidation of OA 
on Pd-GE and Pd-NF-GE electrodes on the time of electric deposition of palladium particles (En = 0.70 
V). On these CMEs, the catalytic effect decreases with the increase of tэ up to 10 s, and at tэ> 10 the 
catalytic effect does not change on Pd-NF-GE electrode, but it continues to decrease at Pd-GE electrode. 
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At the same time, a larger catalytic effect (~ 2-fold) is recorded on the electrode Pd-NF-GE, than on the 
Pd-GE. 

Thus, when a uniform structure of isolated palladium nanoparticles is developed on GE surface, the 
catalytic activity of the metal in OA oxidation reaction increases. Besides, the inclusion of nanoparticles in 
a polymer film leads the stability of CME catalytic response: the stability of Pd-GE electrode catalytic 
response persists for one day, and the stability of Pd-NF-GE electrode persists for two weeks. 

The possibility of Pd-NF-GE electrode use for the flow-injection ampere-metric determination of OA has 
been studied. PIA scheme and PIA signal form are shown on Fig. 1. During PIA, the electrocatalytic 
signal was recorded in the potential-static regime. As can be seen from Fig. 5, the maximum of the current 
dependence on the applied potential at the electrode Pd-NF-GE is observed at E = 0.75 V and 1.10 V. 

 

a 

 

b 

Fig. 5. Dependence of PIA signal during OA oxidation (C = 5 x 10-4 mol/l) at Pd-NF-GE electrode on the 
applied potential (a) and on the flow velocity (b) against 0.1 M of H2SO4 solution 

Among the hydrodynamic parameters, the influence of the flow velocity (u) is established. The 
dependence of the catalytic response of CME in PIA system on the flow velocity has a domed shape and 
passes through a maximum at u = 18.5 ml/min (Fig. 5b). 

The determination of the OA in PIA was carried out under the following conditions: E = 0.75 V and u = 
18.5 ml/min with the volume of the injected sample equal to 0.80 ml. Under these conditions, it is possible 
to achieve PIA productivity of 180 samples per hour. 

The dependence of PIA signal value on OA concentration is linear in the range of 5.0 x 10-7 mol/l to 5 x 
10-3 mol/l and is described by the following equation: 

I = (3.50 +/- 0.02) x 10-1 + (9.30 +/- 0.08) x 103 x C; (I, µA; C, mol/l); r = 0.9991. 

The detection limit, calculated by the 3s-criterion, makes 3.5 x 10-7 mol/l.  

At a continuous use of CME, the electric-catalytic response has good reproducibility. The calculated Sr 
values for the analytical signal under PIA conditions do not exceed 2.0 % (n = 20). 

Pd-NF-GE electrode was used for flow-injection ampere-metric detection of OA detection in urine. The 
effect of the matrix components on the analytical signal was evaluated: ascorbic and uric acids, glucose, 
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urea, glycine, etc. The changes of the catalytic CME response do not exceed 5.0% in the presence of these 
compounds. 

During the analysis of real objects, urine solutions diluted 50-fold were used for injection. The OA content 
was found from calibration curves plotted by the additive method. The results of OA determination in 
urine are presented by Table 1. 

Table 1.The results of voltampere metric determination of OA in urine at the electrode Pd-NF-GE, n = 6, 
P = 0.95 

Sample Introduced, mg⋅l-1 Found, mg⋅l-1 Recovery (%) R.S.D. (%) 

1 

 

– 

5.0 

7.0 

5.4±0.2 

10.7±0.3 

12.6±0.4 

– 

97 

98 

3.9 

3.0 

2.8 

2 

– 

5.0 

7.0 

8.3±0.3 

13.2±0.4 

15.6±0.5 

– 

101 

98 

3.5 

3.0 

3.1 

 

SUMMARY 
It has been established that the use of the composite electrode Pd-NF-GE reduces the overvoltage of OA 
oxidation and leads its determination sensitivity increase. The use of ampere-metric response of this 
modified electrode under PIA conditions allows to lower the lower limit of OA determined contents up to 
5 × 10-7 mol/l, to improve the reproducibility of measurements, the expressiveness and to increase the 
analytical efficiency up to 180 samples/h. A highly sensitive and an expressive method of flow-injection 
ampere-metric determination of OA in urine is proposed. 

CONCLUSIONS 
Thus, with the decrease of the palladium particle size deposited on the surface of GE and NF-GE, the 
catalytic activity of the metal increases. The use of CME on the basis of a graphite electrode coated with a 
NF film with electric-deposited palladium nanoparticles makes it possible to increase the sensitivity and 
the stability of the catalytic response during OA oxidation. The conduct of the analysis in the flow-
injection system leads to the reduction of analysis time, the reduction of reagent and sample consumption, 
which increases the economic efficiency of the analysis. The results are characterized by high accuracy 
and sensitivity, a wide linear range and a low detection limit. The use of the modified electrode catalytic 
response under PIA conditions allows the theoretical performance of up to 180 samples per hour. 
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