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In this study, carbon nanotube supported Pd catalysts (Pd/CNT) are synthesized at different weight percentages
by the sodium borohydride (NaBH4) reduction method to investigate catalytic performance of glucose electro-
oxidation reaction. 0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT catalysts are characterized by using X-ray
diffraction (XRD), electron microscopy with energy dispersive X-ray (SEM-EDX), and N adsorption-desorption
measurements. The average particle size and surface area of 3% Pd/CNT catalyst are determined as 46.33 nm
and 129.48 m?/g, respectively. Characterization results indicate that Pd/CNT catalysts are successfully prepared
by NaBH4 reduction method. Cyclic voltammetry measurements are performed to investigate the effect of Pd
loading for the glucose electrooxidation. CV results reveal that 3% Pd/CNT catalyst exhibits best glucose elec-
trooxidation activity. Following this, experimental optimization is performed to obtain maximum glucose elec-
trooxidation activity via response surface methodology (RSM). Estimated and experimental specific activities at
optimum experimental conditions are assigned as 6.186 and 5.832 mA/cm?, respectively. To understand the
glucose electrooxidation activity on the surface of Pd/CNT, surface modeling is also performed with density
functional theory (DFT) method to investigate adsorption of glucose molecule on CNT supported Pd surface. The
DFT results emphasize that the addition of Pd atom to the CNT structure significantly improves the catalytic
performance in glucose electrooxidation.

1. Introduction electricity generation efficiency, working with various fuel sources, no

moving parts, reduced noise, and ease of operation [5,6].

The reduction of traditional energy sources such as fossil fuels and
the environmental problems they cause have led to the search for new
and clean energy sources [1]. Fuel cells are devices that convert chem-
ical energy into electrical energy and are called electrochemical gener-
ators [2]. Fuel cells are by-product thermal energy and water. It is an
environmentally friendly energy source as there is no greenhouse gas
emission [3,4]. Fuel cells have also many advantages such as high
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Glucose is an abundant, non-toxic and non-volatile organic substance
in nature. With these features, direct glucose fuel cells (DGFCs), which
glucose are used as fuel, come to the fore as a clean and sustainable
energy source [7,8]. A glucose molecule can theoretically release 24
electrons by oxidizing to carbon dioxide and water via 2.87 MJ/mol
energy density. Practically, the overall cell reaction takes place which
gluconic acid is produced and 2 electrons are released as shown in below
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Table 1
The maximum current density and peak potential values of various catalysts
used for glucose electrooxidation.

Catalyst Current, mA/cm? Peak Potential, V Reference
Pd/CNT 0.58 - [20]
In/CNT 0.90 -
PdIn(90:10)/CNT 0.97 -
PdRh/CNT 1.45 - [21]
AuBi(80:20)/MWCNT 1.13 —0.039 [22]
Au/C 2.58 0.4 [23]
Pd/C 0.92 0.4
Cu/CNT 1.12 —0.06 [24]
Ru/CNT 1.86 —0.01
Ir/CNT 3.03 0.12
PdsoAuyo/C 3.00 - [25]
Pd;(Co1/KB 3.20 0.65 [26]
Pd-NCs 3.35 —-0.39 [27]
PdPt/C 2.60 —-0.25 [11]
PtPdAu/C 3.40 —0.18
PdRh/C 3.50 0.051 [28]
Pd3Sn,/C 3.64 - [29]
3% Pd/CNT 5.832 0.8 This study
[9,10].
CeH1206 + 1/20, - C¢H1207 E® = 1.256 V 6

In DGFCs, electrooxidation kinetics of glucose is slow and the
adsorption of the intermediate products formed leads to poisoning of the
anode catalyst [11]. In recent years, studies on electrocatalysts to in-
crease glucose activity are quite common. Electrocatalytic properties
and glucose oxidation kinetics of metal electrocatalysts are highly
dependent on the effective surface area [12,13]. The loading of metal
catalysts on carbon-based materials increases the electrocatalytic ac-
tivity for glucose oxidation [14-16]. As a catalyst support material,
CNTs have superior properties such as large surface area, electro-
chemical stability, and high electrical conductivity [17,18]. CNTs can
decrease the cost while improving the catalytic activity and stability of
electrocatalysts [19]. Table 1 includes the maximum current density and
peak potential values of various catalysts used for glucose electro-
oxidation in literature.

Design Expert software is frequently used by researchers for the
optimization of parameters affecting chemical processes. Design Expert
software offers methods such as D-optimal, Plackett Burman, Taguchi
OA and Response Surface Method (RSM) for the optimization of critical
parameters. Design Expert software proposes an experimental program
within the desired limits of the experimental parameters and creates
models representing the investigated system according to the obtained
experimental results. In addition, the suitability and statistical signifi-
cance of the proposed model can be tested with the variance analysis and
various model parameters (PRESS, Adequate Precision, Determination
Coefficient, Lack of fit value) provided by the Design Expert software.
Although process optimization with Design Expert software was
frequently reported on adsorption before, it has also been used for
determination of optimum conditions for material synthesis in recent
years. In this study, critical electrode preparation parameters for glucose
electrooxidation were optimized with RSM combined with Central
Composite Design (CCD).

Herein, the catalysts (Pd/CNT) at different Pd weight percentages by
supported CNT were synthesized by the NaBH,4 reduction method. Pd/
CNT catalyst was characterized with XRD, SEM-EDX, and N3 adsorption-
desorption. Glucose electrooxidation measurements of the Pd/CNT
catalyst were optimized using the RSM method via CV analysis. RSM is a
mathematical and statistical method which involves the analysis and
design of response surfaces. RSM enables the determination of optimum
conditions by developing a mathematical model with defined test data
and outputs [30]. Adsorption of the glucose molecule over Pd-doped
CNT surface was examined with DFT method. It is known that the
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interaction of the glucose molecule with the catalysts is sensitive to the
surface structure. Therefore, the catalytic performance varies with the
type, decoration and crystallographic properties of the active sites. In
order to observe this behavior two types of Pd-decorated surfaces were
modeled. The first surface was prepared with the introduction of a Pd
adatom on one of the C-C bridge sites of a perfect zigzag-CNT
(Pd-CNT-Ads) whereas the second surface was prepared by inserting a
Pd atom into the defective site of a zigzag-CNT with only one missing
carbon atom (Pd-CNT-Ins). After optimization of the surface structure,
the interactions of the molecules available in the alkaline medium with
the surface was investigated. In the literature, there is a very limited
literature on the systematic optimization of electrode preparation con-
ditions with electrocatalysts. To our knowledge, no studies have been
reported on the optimization of electrode modification with Pd/CNT for
glucose electrooxidation and the mechanistical investigation of the
electrochemical process with DFT. It is considered that this study may be
the basis for the improvement of glucose electrooxidation activity of
Pd-based ternary metallic anode catalysts to be investigated in the
future.

2. Materials and method
2.1. Synthesis and characterization

The Pd/CNT catalysts at different Pd weight percentages were syn-
thesized by the NaBH4 reduction method. The calculated amount of
KoPdCly (Sigma Aldrich, 99.99%) was weighed as the precursor salt and
dissolved in purified water, and the support material CNT was added to
this solution. Then the solution was stirred for 2 h, the determined
amount of NaBH, solution was added dropwise. After stirring for 1 more
hour, the solution was filtered, washed and dried in a vacuum oven at
85 °C.

The characterization of synthesized catalyst was performed by using
XRD, SEM-EDX, TEM, and Ny adsorption-desorption analytical tech-
niques. The crystallinity of the catalyst was scrutinized with XRD
(Panalytical Empyrean). The elemental composition and morphology of
the catalyst was investigated via SEM-EDX (Zeiss Sigma 300). Brunauer-
Emmett-Teller (BET) surface area, average particle size, pore-volume,
and pore size values of the catalyst were determined by using Ny
adsorption-desorption (Micromeritics 3Flex).

2.2. Electrochemical measurements

CHI 660E potentiostat device was performed for electrochemical
measurements. Glassy carbon electrode was used as working electrode,
Ag/AgCl electrode as reference electrode and platinum wire as counter
electrode. In order to modify the working electrode, 3 mg of the syn-
thesized catalysts were weighed and 1 mL of Nafion solution was added
and dissolved for 10 min with the help of an ultrasonic water bath. The
obtained catalyst sludge was dripped onto the working electrode with a
diameter of 3 mm. After the electrode surface was coated with the
prepared catalyst slurry, it was allowed to dry at room temperature.
Then the electrochemical measurements were taken. CV measurements
were carried out in the potential range —0.6-0.8 Vin 1 M KOH +0.5 M
Glucose solution at 50 mV/s.

2.3. Response surface methodology

For the preparation of the working electrode, the effect of parameters
namely the volume of catalyst transferred to the electrode surface (V.,
A), the exposure time of the mixture consisting of Nafion and 3% Pd/
CNT to ultrasonication (t,, B), and the drying time of catalyst slurry (tq,
C) on the specific activity for glucose electrooxidation on the Pd surface
were optimized with a central composite design (CCD). Parameters of
V., ty, and tq were coded as A, B, and C, respectively. The distribution of
experimental points determined by Design Expert 7.0 and the specific
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Table 2
Experimental design of CCD and observed responses.

Run Ve (UL) t, (min) tq (min) Specific Activity (mA/cm?)
1 10 (+1) 60 (+1) 40 (+1) 6.152
2 10 (+1) 1(-1) 1(-1) 2.152
3 0.5(-1) 60 (+1) 1(-1) 0.379
4 5.25 (0) 30.5 (0) 20.5 (0) 1.140
5 0.5(-1) 60 (+1) 40 (+1) 1.270
6 5.25 (0) 60 (+1) 20.5 (0) 1.986
7 10 (+1) 1(-1) 40 (+1) 1.116
8 10(+1) 30.5 (0) 20.5 (0) 3.407
9 10 (+1) 60 (+1) 1(-1) 2.565
10 5.25 (0) 30.5 (0) 20.5 (0) 0.925
11 5.25 (0) 30.5 (0) 1(-1) 0.985
12 5.25 (0) 30.5 (0) 20.5 (0) 1.206
13 5.25 (0) 30.5 (0) 20.5 (0) 1.243
14 5.25 (0) 30.5 (0) 40 (+1) 4.423
15 0.5(-1) 1(-1) 1(-1) 2.126
16 5.25 (0) 30.5 (0) 20.5 (0) 1.238
17 5.25 (0) 30.5 (0) 20.5 (0) 1.211
18 5.25 (0) 1(-1) 20.5 (0) 0.731
19 0.5(-1) 30.5 (0) 20.5 (0) 1.202
20 0.5(-1) 1(-1) 40 (+1) 0.789

activity values at these points are shown in Table 2. As can be seen from
Table 2, the low, medium, and high levels of the parameters were
symbolized with —1, 0, and +1, respectively. In order to determine the
errors in the response value, the measurements were repeated at 6
experimental points consisting of the midpoints of the parameters from a
total of 20 sets of experimental points. The compatibility of the model
with the experimental results was evaluated with the ANOVA test, the
coefficient of determination (R?), and the plots obtained from the Design
Expert 7.0 software.

2.4. Density functional theory computational method

Vienna ab-initio Simulation Package (VASP) version 5.4.4 has been
used for the all DFT calculations reported in this work [31,32]. The
projector augmented wave (PAW) versions of the ultrasoft pseudo po-
tentials was employed to describe electron-ion interactions [33,34].
Perdew-Wang91 (PW91) exchange-correlation functional of the gener-
alized gradient approximation (GGA) was used [35,36]. A cutoff energy
of 500 eV was used as the planewave basis for all calculations. The net
force acting on the ions was taken as lower than 0.015 eV/A for the
convergence criteria of the relaxation whereas the global break condi-
tion for the electronic SC-loop was set to 10~°. Initial atomic coordinates
of 8 layer, (10,0) zigzag single walled carbon nanotube model, with 80 C
atoms, was generated via TubeGen 3.4 nanotube structure generator. In
order to avoid the periodicity in the directions perpendicular to the
nanotube walls (i.e. in x and y directions), the geometric center of the
obtained nanotube was placed in the center of a 25 A x 25 A square.
Therefore, distance between parallel nanotubes were approximately 17
A. Monkhorst-Pack procedure was used to generate k-point sampling for
all calculations. Various 1 x 1 x n k-point samplings were tested over
the model system forn =2, 3, ..., 12,13 (Fig. S1) and 1 x 1 x 5 setting,
resulting in a good balance with accuracy and computational cost, was
used for the all reported calculations. Optimization of the model carbon
nanotube was performed via consecutive volume and ionic relaxation
calculations until the energy difference for consecutive calculations was
less than 0.0001 eV. The volume of the optimized model structure was
kept constant for the rest of the calculations. A metal atom was intro-
duced into the system by adsorption over surface and replacing one of
the lattice C atoms of the structure. Then hydroxyl (OH) and glucose
(CeHgO12) adsorption energetic were studied by considering multiple
binding orientations of the adsorbates. Energy of adsorption (Eags) was
computed via Equation (2),

Eas = Ecnr+adsorsare — (Ecnt + Eadsorvate) ()]
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Fig. 1. N, adsorption-desorption isotherm of 3% Pd/CNT catalyst.
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Fig. 2. XRD patterns of 0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT catalysts.

Where Ecnrt, Eadsorbate @d EcNT + Adsorbate are the total energies metal
doped carbon nanotube, single adsorbate molecule in gas phase, and
surface (plus adsorbate) after adsorption process.

3. Results and discussion
3.1. Characterization results

0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT catalysts were charac-
terized with XRD, SEM-EDX, and Nj adsorption-desorption. Result of
BET measurement of 3% Pd/CNT catalyst is given in Fig. 1. It could see
clearly that exhibited a V-type adsorption-desorption isotherm and H1
type hysteresis loop of 3% Pd/CNT catalyst [37,38]. Surface area from
BET, average particle size, pore-volume, and pore size values were ob-
tained as 129.48 mz/g, 46.33 nm, 0.92 cms/g, and 11.71 nm,
respectively.

XRD patterns of 0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT cata-
lysts are shown in Fig. 2. The C (0 0 2) plane that demonstration
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Fig. 3. SEM images and EDX results of a) 0.5% Pd/CNT, b) 3% Pd/CNT, and c¢) 7% Pd/CNT catalysts.
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Fig. 4. Cyclic voltammograms on Pd/CNT catalysts prepared at varying Pd
loadings in a) 1 M KOH b) 1 M KOH +0.5 M Glucose solution (50 mV/s scan
rate) c) consecutive CVs on 3% Pd/CNT catalyst in 1 M KOH + 0.5 M
Glucose solution.

Journal of Physics and Chemistry of Solids 168 (2022) 110810

Table 3
The specific activity and peak potential of Pd/CNT catalyst.

Catalyst Specific Activity, mA/cm? Peak Potential, V
0.1% Pd/CNT 0.382 —0.14

0.5% Pd/CNT 0.956 0.06

1% Pd/CNT 0.338 0.09

3% Pd/CNT 1.243 0.02

5% Pd/CNT 0.479 —0.02

7% Pd/CNT 0.739 0.04

10% Pd/CNT 0.643 0.03

20% Pd/CNT 0.382 0.05

30% Pd/CNT 0.397 0.02

hexagonal carbon structure of CNT was obtained at 25.7° [39,40].
Furthermore, (111), (200), (220), (311), and (222) planes for all cata-
lysts, which indicated of face-center cubic (fcc) structure of Pd nano-
particles, were found as 39.60, 45.80, 66.90, 80.60, and 85.10,
respectively [41,42]. Crystallites of Pd nanoparticles over CNT for 0.5%
Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT catalysts via Scherrer’s equation
by using data of (1 1 1) planes were calculated as 8.15, 5.71, and 5.85
nm, respectively. In addition, interplanar distance of Pd nanoparticles
over CNT for 0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT catalysts via
Bragg Law were determined using values of the Pd (1 1 1) peaks that are
the most intense peaks in the XRD patterns, and this interplanar distance
values were calculated as 1.62, 2.31, and 2.21 nm, respectively. More-
over, Pd (1 1 0) diffraction peaks for 0.5% Pd/CNT and 7% Pd/CNT
catalysts were obtained at 43.1% [43].

SEM images and EDX results of the 0.5% Pd/CNT, 3% Pd/CNT, and
7% Pd/CNT catalysts are given in Fig. 3. Pd nanoparticles over CNT both
SEM image and in the elemental map [44] could found. EDX results were
clearly shown that constituted Pd nanoparticles over CNT structures. In
addition, wt% values for 0.5% Pd/CNT, 3% Pd/CNT, and 7% Pd/CNT
catalysts were determined as 1.21%, 3.91%, and 5.07%, respectively.
These values are clearly seen that quite close 0.5%, 3%, and 7% values.
It proves that XRD pattern, BET, and SEM-EDX results were prepared
successfully of Pd/CNT catalyst.

3.2. Electrochemical results and response surface methodology
optimization

Glucose electrooxidation activities of 0.1-30% Pd/CNT catalysts
were determined by CV method at a scanning rate of 50 mV/s in the
potential range of —0.6-0.8 V. These CV measurements were obtained in
1 M KOH and 1 M KOH +0.5 M Glucose solution. Fig. 4 shows the CV
voltammograms in terms of specific activity on Pd/CNT catalysts. When
evaluating the activity of glucose electrooxidation, the peak current in
the forward scan is considered as an index. According to Fig. 4b, the
peaks observed in the potential range of —0.2-0.1 V in the forward scan
represent the electrooxidation due to glucose adsorption [45]. The
specific activity and peak potential values of Pd/CNT catalysts are given
in Table 3. The revealed results that best glucose electrooxidation ac-
tivity obtained for 3% Pd/CNT catalyst with 1.243 mA/cm?. As seen in
Fig. 4b, the oxidation peak at 0.02 V potential was observed in the
forward scan of the voltammogram of the 3% Pd/CNT catalyst, which
was attributed to glucose oxidation [46-48]. Fig. 4c presents consecu-
tive CVs (50 cycles) on 3% Pd/CNT catalyst in 1 M KOH + 0.5 M Glucose
solution. The specific activity of the 3% Pd/CNT catalyst decreased as
the number of CV cycles was increased. This is explained by the con-
sumption of glucose during prolonged scanning and the poisoning of the
catalyst by intermediate species produced during the glucose oxidation
reaction [49]. The glucose oxidation activity on Pd/CNT catalyst
decreased approximately 48% from the 1st cycle to the 50th cycle. As a
similar result in the literature, Zhiani et al. reported that the glucose
electrooxidation activities of Fe-Ni-Co/C and Pd/C catalysts decreased
in consecutive CVs [50]. Following this, experimental optimization via
response surface methodology was performed on 3% Pd/CNT catalyst.
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Table 4

ANOVA regression model for GAEO.

Source Sum of df  Mean FValue  p-value Prob > F
Squares Square
Model 31.78 9 3.53 5.93 0.0051
significant
A-Vc 9.27 1 9.27 15.57 0.0028
B-tu 2.96 1 2.96 4.97 0.0499
C-td 3.07 1 3.07 5.16 0.0464
AB 5.64 1 5.64 9.47 0.0117
AC 1.12 1 1.12 1.89 0.1997
BC 5.87 1 5.87 9.86 0.0105
A? 0.50 1 0.50 0.83 0.3824
B? 0.75 1 0.75 1.25 0.2892
c? 1.87 1 1.87 3.14 0.1069
Residual 5.95 10  0.60
Pure Error  0.073 5 0.015
Cor Total 34.74 10
6.40 —
475—
il
2
o
5 310
(]
4
o
145 —
-0.20 —|
I I I I I
-0.12 1.49 3.10 4.70 6.31
Actual
300 5
c)
@2
g
o 10— g
.g o
x o "
he] ]
9]
N
E 000
:S B - ]
(2] L]
>
© =
£ 150
2
£ o
-3.00
I I I I I
-0.12 149 3.10 470 6.31
Predicted

Journal of Physics and Chemistry of Solids 168 (2022) 110810

It was emphasized in our previous study that the effects of parame-
ters such as V, ty, and tq on glucose electrooxidation activity were
statistically significant for AuBi/CNT [22]. In this study, GCE was
modified with 3% Pd/CNT under the conditions indicate in Table 2. The
data from Table 2 is modeled with Design Expert 7.0 software and the
glucose electrooxidation on 3% Pd/CNT is well explained with a
quadratic model. Accordingly, specific activity values for glucose elec-
trooxidation on 3% Pd/CNT were given in Equation (3) and Equation (4)
in terms of actual and coded values, respectively.

Maxsimum Current Density for Glucose Electrooxidation =
+2.43822-0.26082%V -(7.04253*1073)%t,-0.12710%t4+(5.99106%10~>)

FV oty (4.04429%1073)%V tg+(1.48910%1073)*t,tg+0.018844*V2-
(5.98401*10 2+ (2.16770%10%)*13 3)

Maxsimum Current Density for Glucose Electrooxidation = +1.45 +
0.96* A+0.54*B~+0.55*C+0.84* A*B+0.37*A*C+0.86*B*C+0.43*A>
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Fig. 5. a) Predicted versus actual b) Normal probability distribution of residuals, c) residuals versus predicted, and d) internally studentized residuals versus run for

specific activity of glucose electrooxidation on 3% Pd/CNT.
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Fig. 6. Response surface plots of a) t, and V., b) tq and V,, and ¢) t4 and t, for glucose electrooxidation on 3% Pd/CNT.

The statistical significance of the proposed model and parameters
was tested by analysis of variance (ANOVA), and the relevant results are
given in Table 4. The F and Probe > F values of the proposed quadratic
model for glucose electrooxidation on Pd/CNT were found to be 5.93
and 0.0051, respectively, indicating that the model is statistically sig-
nificant at the 95% confidence interval. In addition, the P values of the
A, B, C, AB, and BC terms of the model are less than 0.05 and are sta-
tistically significant. The regression coefficient of the proposed model
was found to be 0.84, and the harmony between predicted values and
the experimental data were found to be satisfactory. In addition, the
standard deviation of 0.77 and the adequate precision value of 11.7
confirm the agreement between predicted and experimental data. Dis-
tribution of estimated and actual values for specific activity toward
glucose electrooxidation on 3% Pd/CNT are exhibited in Fig. 5a. As can
be seen from Fig. 5a, the experimental points were scattered around the
diagonal despite some outliers. These results show parallelism with
model parameters such as Rz, standard deviation, and adequate
precision.

Residuals are defined as the difference between number estimated by
the model and determined from the experiments, and the distribution of
residuals is shown in Fig. 5b. As a result of this analysis, it is desired that
the points are distributed around the straight line. Fig. 5b also show that
the residuals were normally distributed along the straight line. Fig. 5¢
exhibit the distribution of residuals versus values predicted by the
model. As can be seen from the figure, the points are randomly
distributed, indicating that the variance is not constant [51]. The dis-
tribution of residuals versus test numbers was used to identify experi-
mental and latent errors and is given in Fig. 5d. The effect of time on the
response value could be revealed with this test. As could be seen from

Fig. 5d, the points were scattered unevenly and without following a
trend. In addition, all points were within the standard deviation range.

The response surface plots of tq, V. and t, are given in Fig. 6. Fig. 6a
shows the binary interaction of t, and V. for specific activity toward
glucose electrooxidation on Pd/CNT. While no specific activity was
observed at 1 min t,, when the t,, was increased to 30.5 min, the specific
activity increased to 1.2018 mA/cm? (tg = 0.5 min and V. = 20.5 pL).
After 30.5 min, the increase in t, caused a gradual decrease in specific
activity, and the specific activity value for 60 min of t, and 0.5 pL of V,
was found to be 0.01 mA/cm?. Fig. 6b shows the response surface plots
of tg and V. for 30.5 min of t,. As the tq was increased from 1 min to 40
min, a parabolic increase was detected without observing a maximum
point in specific activity, and the specific activity conditions at 40 min of
tg, 0.5 pL of V., and 30.5 of t, was calculated as 1.825 mA/cm? by the
quadratic model. As the drying time increased, the increase in the spe-
cific activity was attributed to the stronger contact between the GCE
surface and the catalyst and the lower diffusion resistance. Fig. 6¢ shows
the 3d plots of tq and t,, and it was seen that the specific activity in-
creases with the increasing duration of drying from 1 min to 40 min,
indicating that the catalyst sludge has a better adhesion to the surface
and positively affects the charge transfer.

Numerical optimization was employed with using Design Expert 7.0.
The optimum value of parameters namely V., t,;, and tq were found to be
9.93 pL, 8.83 min, and 39.84 min, respectively. The estimated and
experimental specific activity under these conditions were determined
as 6.186 and 5.832 mA/cm?, respectively. This agreement between the
calculated and experimental value from the model shows parallelism
with the model tests.
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Table 5
Formation energy and metal-surface bond length of Pd-doped CNT and the
adsorption energies of species over the different surfaces.

Pd-CNT-Ads Pd-CNT-Ins
Formation energy (eV) —1.45 —-3.94
Pd-C bond length (A) 2.15 1.98
Adsorption energy (eV)
CeH1206 —0.90 -0.73
OH -3.15 —3.83
CeH1206 over OH-adsorbed surface —0.66 -0.98

3.3. Density functional theory results

Metal decorated carbon nanotubes have been studied in the litera-
ture based on many different doping procedures [52-56]. Having a
doped metal as an adatom or as immersed in the surface vacancy results
in different interactions between the doped metal and the substrate.
Therefore, it is possible to observe with drastic catalytic activity dif-
ferences for the same CNT-metal pairs with different decoration pat-
terns. To observe this property in our study, two different
metal-decorated CNTs were prepared to investigate the sensitivity of
electrode surfaces to the electrolyte species.

The properties of the Pd-doped surfaces are given in Table 5. In
addition to the two structures reported, Pd atom was also placed at the
hollow site of the honey-ball structure; however, it migrated and made
bonds with the two surface C atoms at the bridge site (Fig. 7a) as re-
ported for Pd and Pt-decorated CNT surface [52-54]. The formation
energy of Pd-CNT-Ads surface —1.45 eV and the bond length between Pd
and C was 2.15 A. An insertion of a Pd atom into the defective CNT
(Pd-CNT-Ins) created more stable structure with —3.94 eV formation

a) Q

A% L%
o Q >=Q 0—=Q
d b b= p—d
Q o =g 5 d
Q 0 2 =0
o) d i P o
OOQQQ > 15}/ \&3 { o

s DY D=0 &
/O/OJ\Q\')\ Vo, w' %
5829
FO=C0—0=C0—0X
Fig. 7. Optimized geometries of clean (a, b), glucose adsorbed (c, d) and OH plus glucose adsorbed (e, f) Pd decorated CNT structures. The geometries on the left

column represent Pd-CNT-Ads and the geometries on the right column represent Pd-CNT-Ins. (Color codes: Pd = Grey, C(CNT) = Yellow, C(Glucose) = brown, O =
red, H = light blue).
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energy. A Pd atom protruded out of the chiral structure as shown in
Fig. 7b and made three bonds with the surface C atoms at distance of
1.98 A as reported in the literature [55,56].

After optimization of the electrode surface, the interactions of the
species in the reaction medium were examined. At the alkaline medium,
the electrode was surrounded by glucose and OH ions containing elec-
trolyte. Hydroxide ion was placed at top of the Pd atom whereas the
adsorption energy of glucose molecules was investigated for various
initial geometries. Glucose molecule was brought closer to the both
surfaces with the same orientations: O atom of OH group that bonded to
the hemiacetal C atom, O atom of CH,OH group dangling out of the ring,
oxygen atom of the ring and one of the OH groups of the ring.

Among various initial geometries, O atom of C-OH group dangling
out of the ring made strong bond with Pd atom at a distance of 2.21 A for
Pd-CNT-Ads surface (Fig. 7c). The distance between C-O atoms of
CeH1206 molecule enlarged from 1.42 A to 1.45 A with —0.90 eV
adsorption energy. However, Pd-CNT-Ins (Fig. 7d) surface adsorbed the
molecule with the same adsorption (—0.73 eV) energy regardless of the
initial geometries except the last geometry (—0.43 eV). The bond length
between O-Pd is 2.30 A and C-O distance increased from 1.42 A to 1.46
A. The adsorption energies of OH and CgH;20¢ are reported in Table 5.
According to these binding energy results it can be seen that OH species
adsorbed more strongly over Pd atom, especially for Pd-CNT-Ins surface.
Therefore, C¢H120¢ adsorption calculation was performed for OH-
adsorbed surface to observe the effect of surface OH species as
described in Incipient Hydroxyl Oxide Adatom Model (IHOAM) [57]. In
the previous work we experienced that H atom of the OH group bounded
to the hemiacetal carbon atom was more likely to react with the surface
adsorbed OH ions. In the light of this information, only this configura-
tion was examined for the activation of C¢H120¢ molecule with the
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surface. However, an adsorption of the OH species on Pd-CNT-Ads sur-
face did not enhance the binding of the C¢H;206 molecule and on the
contrary it got weakened. The distance of O atom and nearest H atom of
the CgH;206 molecule is measured as1.73 A and the adsorption energy
was calculated as —0.65 eV (Fig. 7e). On the other hand, H atom of OH
group bonded to the hemiacetal carbon atom was taken from CgH;206
molecule spontaneously and formed HyO and CgH;10s5 molecules as
expected in the model (Fig. 7f) for Pd-CNT-Ins surface. Both species
anchored to the Pd atom and the length between H,0 and CgH;105 and
Pd atom were 2.29 A and 2.21 A respectively. The formation energy of
the H5O molecule is —0.98 eV.

It can be inferred from these results that Pd-CNT-Ads surface struc-
ture is more suitable for development of nonenzymatic glucose sensor
because of the strong affinity to the molecule. When considered in terms
of the electrochemical oxidation reaction in energy applications, an
insertion of the Pd atom into the CNT structure (Pd-CNT-Ins) enhanced
the catalytic performance significantly in the alkaline reaction medium.

4. Conclusion

At present, Pd/CNT catalysts were prepared by the NaBH, reduction
method at varying Pd loadings to investigate the effect of Pd loading on
glucose electrooxidation activity. The characterization of the catalyst
was carried out with advanced surface analysis methods such as XRD,
SEM-EDX and Nj adsorption-desorption. Pd fcc crystal planes were
observed from the XRD pattern. SEM EDX results revealed that catalyst
was prepared successfully. Cyclic voltammetry results revealed that 3%
Pd/CNT catalysts exhibited the best glucose electrooxidation perfor-
mance. Further experiments were performed to obtain the maximum
current density while altering the optimization parameters while
employing 3% Pd/CNT catalyst. The optimum experimental conditions
of glucose electrooxidation were optimized by the RSM method. The
optimum conditions were obtained as 9.93 pL (V,), 8.83 min (t,), and
39.84 min (tq). Under these conditions, the estimated value (6.186 mA/
cmz) was determined to be very close to the experimental value (5.832
mA/cm?). In roder to understand glucose adsorption mechanism on the
surface, DFT method was employed. DFT calculation results revealed
that the addition of Pd to the CNT surface increased glucose electro-
oxidation activity. Especially, the existence of OH groups on the surface
cluster could enhance the glucose electrooxidation activity seriously
which is in agreement with the experimental results due to the fact that
glucose electrooxidation reaction occurs in the presence of OG groups
coming from KOH solution.
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