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Abstract: In this study, sodium borohydride oxidation has been investigated on the platinum nanopar-
ticles modified copper/titanium catalysts (PtNPsCu/Ti), which were fabricated by employing the
electroless copper plating and galvanic displacement technique. ICP-OES, XRD, FESEM, and EDX
have been used to characterize PtNPsCu/Ti catalysts’ composition, structure, and surface morphol-
ogy. The oxidation of sodium borohydride was examined on the PtNPsCu/Ti catalysts using cyclic
voltammetry and chrono-techniques.

Keywords: platinum; titanium; electroless deposition;

copper; galvanic displacement;

borohydride; oxidation

1. Introduction

Direct borohydride fuel cells (DBFCs) became the subject of much current research
once again, despite the high price of borohydrides manifesting themselves either as al-
ternative hydrogen sources or anodic fuels [1-3]. DBFCs have the theoretical voltage of
1.64 V, which is much higher in comparison with other fuel cells, e.g., hydrogen (1.24 V) or
methanol (1.19 V) [1-3]. Moreover, DBFCs have a high theoretical specific energy density
of 9.3 Wh/g and capacity of 5.6 Ah/g for NaBH,. Another significant future is power
generation at low temperatures. However, these favorable properties have still not been
fully implemented in practice. The implementation of DBFCs is still restricted due to
the anodic reactions kinetics and insufficient catalytic stability. Active search for various
anode catalysts able to realize a kinetics maximum of eight electrons oxidation of sodium
borohydride (BOR) is still in progress. Operation of DBFCs is based on the BOR with eight
electrons at the anode (Equation (1)) and the O, reduction at the cathode (Equation (2)) and
can be presented by the following equations:

BH, +80H — BO, +6H,O+8 Ey=-124Vvs. SHE 1)

20, + 4H,0 + 8¢~ — 8OH ™ Ey=0.40 V vs. SHE @)

The final reaction can be presented by this equation:
BH;™ +20, — BO,™ +2H,0 Ey=1.64Vvs. SHE 3)

It is well-known that hydrolysis of sodium borohydride coincides with the BOR
generating hydroxyl borohydride intermediate and hydrogen in various steps [4-15]:

BH; + H,O — BHg(OH)i +H, (4)
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BHg(OH)i + Hzo — BOzi + 3H, (5)

where the overall reaction is as follows:
BH; + H,O — BO,™ +4H, (6)

This phenomenon depends on the electrode material. In this case, on nickel [5,9,10,16,17]
and Pt [10,15], the final reaction of borohydride oxidation occurs through a four-electron process:

BH, ™ +40H ™ — BO,  +2H,0 + 2H, + 4e ™~ @)

However, BH; ™ hydrolysis yielding H; reduces DBFC coulombic efficiencies (as direct
oxidation of BH;~ might not take place) and has negative effects on the catalytic reaction
active area.

Platinum is usually accepted as the only single component catalyst having the best
catalytic activity and is the most frequently used catalyst for the BOR despite its high cost.
The Pt-based catalysts with transition metals (Ni, Co, Fe, Cu) have been developed to reduce
the amount of Pt in the catalysts. The resulting catalysts exhibited higher activity and better
catalytic stability for the BOR, methanol oxidation, and oxygen reduction compared with
pure Pt catalyst [6-15,18-28].

One more opportunity to create effective anode materials for DBFCs is to look for
proper support. Nowadays, different carbon materials are the most widely used support
for Pt catalysts allowing to minimize the utilization of noble metals. Still, recently non-
carbon materials such as titanium have been accepted as a promising alternative for
carbon supports due to its advantages: high chemical and electrochemical stability and
good electronic conductivity. The titanium mesh coated with PtRuOx, Pt3Ti, PtSn/Ti,
the platinized Ti electrode, and Pt dispersed on Ti metal catalysts show an improved
electrocatalytic activity for methanol electro-oxidation [29-34]. The authors in Ref. [35]
evaluated the enhanced electrocatalytic activity of carbon-supported PtTi alloy for the
oxygen reduction reaction.

In the study presented herein, well-adherent platinum nanoparticles modified copper
films (denoted as PtNPsCu/Ti), which have Pt particle size in a few nanometers, were pre-
pared using low-cost and straightforward electroless Cu deposition and galvanic displace-
ment techniques [20,36-40]. The activity of the as-prepared PtNPsCu/Ti catalysts for BOR
in an alkaline solution was examined using cyclic voltammetry (CV) and chrono-techniques
(chronoamperometry (CA) and chronopotentiometry (CP)). Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES), X-ray diffraction (XRD), Field-Emission Scan-
ning Electron Microscopy (FESEM), and Energy Dispersive X-ray Spectroscopy (EDX) were
applied for the samples’ composition, structure, and surface morphology characterization.

2. Materials and Methods
2.1. Chemicals

NaBHj, CoCl,, CuCl,, HCI, diethylenetriamine, H,PtCly, and titanium foil of 0.127 mm
thick and 99.7% purity were received from Sigma-Aldrich Supply (Darmstadt, Germany).
H,S04 (96%), ethanol, and NaOH (99%) were obtained from Chempur Company (Karl-
sruhe, Germany). All chemicals were of analytical grade. Deionized water with a resistivity
of 18.2 MQ cm ! was used to prepare all the solutions.

2.2. Preparation of Catalysts

A sublayer of copper was deposited on the titanium according to the procedure
described in [41]. After that, the Cu/Ti catalysts were dipped in a 1 mM H,PtClg +
0.1 M HCl solution at room temperature for 5, 15, and 30 min. The surface-to-volume ratio
was 1.3 dm? L~!. The obtained catalysts were thoroughly rinsed with deionized water
and dried in air at room temperature. The BOR was investigated on the prepared catalysts
without any further processing.
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2.3. Catalysts Characterization

An SEM/FIB workstation Helios Nanolab 650 with a dispersive energy X-ray (EDX)
spectrometer INCA Energy 350 X-Max 20 (FEI, Eindhoven, The Netherlands) was used to
examine the morphology and composition of the fabricated catalyst.

XRD patterns of PtNPsCu/Ti and Cu/Ti were estimated employing an X-ray diffrac-
tometer SmartLab (Rigaku, Japan) equipped with a 9 kW X-ray tube with a rotating Cu
anode. The grazing incidence (GIXRD) method was used in the 20 range 35-52°. The angle
o between the parallel beam of X-rays and the specimen surface (w angle) was adjusted
to 0.5°.

The Pt loading was determined using an ICP optical emission spectrometer Optima
7000DV (Perkin Elmer, Waltham, MA, USA).

2.4. Electrochemical Measurements

A potentiostat PGSTAT100 (Metrohm Autolab B. V., Utrecht, The Netherlands) was
employed for all electrochemical measurements using an electrochemical cell, where Cu/Tij,
PtNPsCu/Ti, and pure Pt catalysts were applied as working electrodes. An Ag/AgCl/KCl
(3 M KCl) and a Pt foil were employed as reference and counter electrodes. The measured
current densities were normalized concerning the geometric area of catalysts equal to
2 cm?.

Cyclic voltammograms (CVs) were recorded in a 1 M NaOH solution and ina 1 M
NaOH solution containing 0.05 M NaBH, at a temperature of 25 °C at a potential sweep
rate of 10 mV s~ 1. The electrochemically active areas (ESAs) of platinum surface in the
catalysts were obtained from the CVs of pure Pt and PtNPsCu/Ti catalysts recorded in an
Ar-deaerated 0.5 M H,SOy solution at a sweep rate of 50 mV s~! by calculating the charge
associated with hydrogen adsorption (220 nC cm~2) [42].

The CA experiments were carried out by, at first, holding the potential at the open
circuit for 10 s and then stepping to —0.7 and 0.1 V for 120 s, respectively.

CP curves were recorded at a constant current density of 10 mA cm ™2 vs. the geometric
areas of the investigated catalysts for 120 s.

2.5. Investigation of the Catalytic Hydrolysis of NaBH,

A classic water-displacement method was used to determine the volume of generated
Hj catalyzed by the PtNPsCu/Ti catalyst. The catalyst was prepared by immersing Cu/Ti
in 1 mM H,PtClg + 0.1 M HCl at room temperature for 15 min. In a typical measurement,
the NaBH,4 and NaOH solution was thermostated in an airtight flask fitted with an outlet
to collect generated Hy gas. Then PtNPsCu/Ti was immersed into a solution with different
temperatures (40, 50, 60, and 70 °C) to initiate a hydrolysis reaction. The water displaced
from a graduate cylinder connected to the reaction flask was continually monitored as the
reaction proceeded.

3. Results

PtNPs/Cu catalysts with Pt particles of a few nanometers in size were prepared by
immersing Cu/Ti electrode into a 1 mM H2PtCl6 + 0.1 M HCl solution for various periods
as shown in Figure 1b—-d. The Cu sublayer with a thickness of about 1.5 pm and with
an average size of crystallites of ca. 1 um was deposited onto the Ti surface (Figure 1a).
Dipping Cu/Ti electrodes into a 1 mM H,PtClg + 0.1 M HCl solution for 5, 15, and 30 min
results in the deposition of Pt nanoparticles on the Cu surface. As evident from Figure 1b—d,
PtNPs are homogeneously dispersed on the Cu surface and appear as bright crystallites of
the cubic shape of 10 up to 50 nm in size.
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(d)
Figure 1. Topside views of: (a) Cu/Ti; (b—d) PtNPsCu/Ti. The deposition time of PtNPs was 5 (b), 15 (c), and 30 (d) min.

EDX analysis confirms the presence of Pt and Cu in the prepared catalysts. The
data are shown in Table 1. Large amounts of deposited Cu and much lower ones of Pt
were determined.

Table 1. The composition of the same PtNPsCu/Ti catalysts as in Figure 1b—d.

Element, at.%

Catalyst Pt loading, ug cm—2
y Pt Cu (@) Ti & 18
0.21 94.70 4.32 0.76 2.10
C 1.37 91.90 5.75 0.98 13.60
d 2.92 89.49 6.62 0.97 26.50

XRD patterns for Cu/Ti (lower curve) and PtNPsCu/Ti prepared by immersing of
as-prepared Cu/Ti in 1 mM H,PtClg + 0.1 M HCI for 15 and 30 min (upper curves) are
presented in Figure 2. The XRD peaks 100 and 002 of the Ti substrate and strong peaks 111
and 200 of Cu in the case of Cu/Ti were observed. When the Pt crystallites were deposited
on the Cu/Ti surface by immersing of the latter catalyst into the Pt(IV)-containing solution
for 30 or 15 min (topmost (black) and middle (blue) curves, respectively), a hump on a
right shoulder of Cu peaks appeared. This means that a small peak is overlapping with
that of copper. The mentioned peaks can be separated using special software, as shown
in the inset of Figure 2. The maxima of the low-intensity peaks corresponded to positions
of peaks 111 and 200 of an fcc crystalline structure with the lattice parameter of 0.365 nm.
Presumably, these peaks are of the fcc phase of a solid solution of Pt in Cu.
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Figure 2. XRD patterns of Cu/Ti (lower red colour pattern) and PtNPsCu/Ti catalysts.

According to the determined value of the lattice parameter of the Pt-Cu phase and
Vegard’s law, the proportion of Pt in the solid solution was calculated. It was equal
approximately to 11.5 at.%. The broad XRD peak (FWHM = 0.635° for the peak with a
maximum at 42.92°) of the solid solution pointed to a small size of crystallites and/or very
thin Pt-Cu phase layer of about 16.3 £ 0.8 nm. Notably, the broadening of the peaks could
also be caused by the inhomogeneity of the composition of the Pt-Cu solid solution.

The Pt loadings were determined to be 2.1, 13.6, and 26.5 ug cm ™~ in the as-prepared
catalysts after Cu/Ti was immersed in the 1 mM H,PtClg + 0.1 M HCl solution for 5, 15,
and 30 min, respectively.

The electrochemically active surface areas of Pt in the catalysts were determined from
the CVs of Pt and PtNPsCu/Ti recorded in an Ar-deaerated 0.5 M H,SOj, solution in a
potential range of —0.2 and 1.3 V at 50 mV s~ ! (Figure 3).

I/ mA

E/V vs. Ag/AgCl

Figure 3. CVs of Pt (dotted line) and PtNPsCu/Ti were recorded in Ar-deaerated 0.5 M HySO, at 50 mV s 1.
The PtNPs deposition time was 5 (solid line), 15 (dash-dotted line), and 30 (dash-dot-dotted line) min.

The CV profile of PtNPsCu/Ti presents the typical characteristics of the pure Pt
electrode as the Ni is electrochemically leached. The obtained ESA value for pure Pt
is 2.5 cm?, whereas the ESAs values for the PtNPsCu/Ti catalysts obtained after Cu/Ti
electrodes immersing in 1 mM H,PtClg + 0.1 M HCl for 5, 15 and 30 min are 8.3, 9.2, and
49.4 cm?, respectively. A ca. 3-20 times higher ESAs values of the catalysts prepared by
galvanic displacement of Cu layer by PtNPs compared to that of pure Pt were determined.



Materials 2021, 14, 7663

Figure 4 shows the BOR onto the pure Pt electrode (a) at 10 mV s~ 1.
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Figure 4. CVs of: (a) Pt and (b) Cu/Ti recorded in 0.05 M NaBH, + 1 M NaOH at 10 mV s~ 1; 25 °C.
The inset b’ presents CV of Cu/Ti in 1 M NaOH.

As evident, two well-distinguished anodic peaks A and C, are seen in the CV plot.
The first peak A is due to the oxidation of H, generated by catalytic hydrolysis of sodium
borohydride (Figure 4a). Furthermore, peak B, which is hardly discernible at —0.2 V, could
be corresponded to the electro-oxidation of BH3OH™ according to the following reaction:

BH;OH  +30H  — BO,  +3/2H, + 2H,0 + 3¢~ 8)

At more positive potentials between 0 and 0.2 V, a distinct peak C appears on the Pt
electrode (Figure 4a). According to [11,12], this peak and a low wave in the backward scan
are associated with the direct BOR, while a sharp asymmetric peak E, that was observed in
the backward scan and centered at about —0.3 V, belongs to the oxidation of intermediate
BH30H™ by Equation (9) that could also be produced in the BOR:

BHy; +OH — BH;OH +H*+e~ ©)
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The wave detectable at —0.7 V is attributed to BH;OH™ oxidation which coalesces
with the H, oxidation wave.

Figure 4b presents the CVs of Cu/Ti in the background 1 M NaOH solution (the inset
b’) and in the 1 M NaOH + 0.05 M NaBHj solution (b) at 10 mV s~ 1. Both CVs for Cu/Ti
are similar in shape except those at potential values higher than 0.4 V. Noticeable anodic
currents (peak D) were recorded on the latter catalyst in 0.05 M NaBH4 + 1 M NaOH. As
evident from the CVs of Cu/Ti in the background solution (the inset b’) and 0.05 M NaBH4
+ 1 M NaOH (b), a lower peak al at a potential value of —0.5 V and a larger one a2 at
—0.25 V are seen in both CVs plots. According to the literature [43,44], peak al corresponds
to the formation of insoluble Cu* compounds and peak a2 — to the formation of insoluble
Cu?* compounds. The reduction peaks c1 and c2 are seen in the cathodic part during the
backward scan. Those peaks may be attributed to reducing the insoluble Cu* and Cu?*
compounds formed previously during the anodic scan.

When comparing the CVs for Cu/Ti, recorded in the potential region of —1.2 to 0.6 V
in 1 M NaOH solution (Figure 4b’) and 0.05 M NaBH, + 1 M NaOH (Figure 4b), it is seen
that the current densities of anodic peaks al and a2 are increased. The potential values
are slightly shifted to negative potential values (Figure 4b). Observed anodic peaks D at
potentials higher than 0.5 V presumably may be attributed to the Cu®* /Cu?* couple [44-47].
This phenomenon always appears due to the oxidation of Cu in strongly alkaline solutions
(Figure 4b). The formal reduction potential of Cu®* /Cu?* in 1 M NaOH stands at 0.56 V
vs. Ag/AgCl [48,49]. Notably, NaBHj is inactive at Cu/Ti at low potentials (Figure 4b).
Prominent anodic currents under peak D are observed in the potential region of Cu?* /Cu®*
transition. They may correspond to the strong interaction of NaBHy with the surface that
was already covered by insoluble Cu** compounds.

Figure 5 presents BH, ™ ions oxidation on PtNPsCu/Ti that has the different Pt load-
ings. The BOR proceeds more complicated on the latter catalysts, as evident from the
data in Figure 5. Contrary to the bare Pt electrode (Figure 4a), several anodic peaks are
seen in the CVs plots, and the shape of CVs depends on the deposited Pt loadings on the
Cu/Ti surface. When the Pt loading is 2.1 pg cm 2 (Figure 5a), several oxidation peaks
are seen on the PtNPsCu/Ti catalyst. Anodic peaks al and a2 may correspond to the open
sites of Cu crystallites oxidation (Figure 1b) as they occur under the same potential values
compared to the CV of Cu/Ti recorded in an alkaline borohydride solution (Figure 4b).
With the increase in the Pt loadings, the shape of CVs remains the same as in the case of
bare Pt, except for an enhanced anodic peak B at ca. —0.2 V (Figure 5b,c). Notably, the
increase in the Pt loading on Cu/Ti results in a comparatively high rise in the values of
current densities of peak C, which shows an enhanced catalytic activity of the surface.

The same trends are also observed for the oxidation of Hy (compare peaks A), which
is connected with a higher amount of deposited Pt crystallites on the Cu/Ti surface, as
evident in Figure 1c,d. The catalytic activity of Cu/Ti and PtNPsCu/Ti for the hydrolysis of
NaBH, was investigated to confirm the nature of anodic peak A. Figure 6 presents data for
hydrogen generation catalyzed by Cu/Ti and PtNPsCu/Ti with the Pt loading of 13.6 ug
Pt cm ™2 in the same solution as in Figure 5 at the temperature of 25 °C. A greater hydrogen
generation rate was obtained at PtNPsCu/Ti than that at Cu/Ti. This indicates the higher
catalytic performance of Pt-Cu alloy for the catalytic NaBH, hydrolysis.
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Figure 5. CVs of PtNPsCu/Ti with the Pt loadings of 2.1 (a), 13.6 (b) and 26.5 (c) ugpt cm 2 were

recorded in 0.05 M NaBH, + 1 M NaOH at 10 mV s~1; 25 °C.
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Figure 6. H, generation from 15 mL 0.05 M NaBH4 + 1 M NaOH at 25 °C catalyzed by Cu/Ti and

PtNPsCu/Ti catalyst with the Pt loading of 13.6 pgp; cm 2.
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The kinetics of NaBH,4 hydrolysis was further examined at different temperatures.
Figure 7a presents the hydrogen generation rate, which was measured during the hydroly-
sis of alkaline 0.264 M NaBH, + 1 M NaOH solution using PtNPsCu/Ti with the Pt loading
of 13.6 ug cm 2 as a function of reaction temperature (40-70 °C).

(@ —e— 313K o ®
—a— 323K
= 333K
E —k— 343K 15
S 20| -
on
=) _
= g 110
Z = .
2] g
2 = 105t
g 10 >
5] £
0 10.0 F
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ol A 9.5+ °
1 1 1 1 1 1 1
0 30 60 0.0029  0.0030  0.0031  0.0032
¢/ min T K!

Figure 7. (a) Dependence of H, generated volume at PtNPsCu/Ti with the Pt loading of 13.6 ug cm ™2
on the temperature in 0.264 M NaBHy + 1 M NaOH. T (K): 1-313, 2-323, 3-333 and 4-343. v = 15 mL.
(b) The Arrhenius plot was calculated from the NaBH,4 hydrolysis rates in the same solution.

It was found that the rate of catalytic hydrolysis of sodium borohydride in alkaline
solutions increases exponentially with the increase in reaction temperature (Figure 7a). The
Arrhenius equation expresses temperature dependence of the rate of hydrogen generation:

k= Ae Ea/RT, (10)

where E, is the activation energy (J), A-the frequency factor, R-the general gas constant
(8.314 ] mol ! K 1). The activation energy was found from the Arrhenius plot of In(k) vs.
1/T (Figure 7b) plotted from the data presented in Figure 7a. The Arrhenius plot gives the
energy of 70 k] mol~!. The obtained data confirm that the PtNPsCu/Ti catalyst catalyzes
the NaBH, hydrolysis reaction in alkaline solutions.

The comparison of the positive-potential going voltammograms of BOR recorded on
pure Pt (dotted line), Cu/Ti (dashed line), and different PtNPsCu/Ti catalysts, which have the
Pt loadings of 2.1 (solid line), 13.6 (dash-dotted line) and 26.5 (dash-dot-dotted line) ugpy cm 2
at 10 mV s~ ! is presented in Figure 8.

80 -

60 -

40 -

Jj/mA cm?

20 |

E/V vs. Ag/AgCl

Figure 8. Positive-potential going voltammograms recorded on pure Pt (dotted line), Cu/Ti (dashed
line) and PtNPsCu/Ti catalysts, which have Pt loadings of 2.1 (solid line), 13.6 (dash-dotted line) and
26.5 (dash-dot-dotted line) pgp; cm =2 in 0.05 M NaBHy + 1 M NaOH at 10 mV s~1; 25 °C.
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The shape of voltammograms for PtNPsCu/Ti is similar to the one recorded on pure
Pt, except for the enhanced anodic currents. As depicted from Figure 8, anodic peak A seen
in voltammogram for Pt (dotted line) and PtNPsCu/Ti catalysts, which have the Pt loadings
of 2.1 (solid line), 13.6 (dash-dotted line), and 26.5 (dash-dot-dotted line) ugpt cm 2, is related to
the oxidation of H, (HOR) generated by catalytic hydrolysis of sodium borohydride [11].
The HOR is more pronounced on the nanostructured catalysts with more significant Pt
loadings. The peak current density values recorded on the catalysts, which have higher Pt
loadings of 13.6 and 26.5 pgp; cm 2, are ca. 10~11 times higher than that of bare Pt, while
the potential values of peak A are slightly shifted to the side of positive potential values. In
the case of PtNPsCu/Ti catalyst with the lower Pt loading of 2.1 pgp; cm~2 (Figure 8, solid
line), the current density values of the peak A are ca. 2 times higher as compared to that
of bare Pt, and is shifted to more positive potential values by 0.3 V. Anodic peaks C seen
in the voltammograms are attributed to the direct BOR [11] and also are ca. 6-14 times
greater on the PtNPsCu/Ti catalysts as compared to that of bare Pt (Figure 8). The peak
B attributed to the electro-oxidation of BH3OH™, which is hardly discernible at —0.3 V
on pure Pt (Figure 8, dotted line), is also enhanced on the different PtNPsCu/Ti catalysts.
Assuming ca. 3.3 and 3.7 times greater active surface area of PtNPsCu/Ti catalysts, which
have the Pt loadings of 2.1 and 13.6 ugp; cm~2 compared to smooth polycrystalline Pt, the
surface area normalized current density values of the peaks B and C are ca. 1.8-3.4 and
2.2-4.0, respectively, times higher on those catalysts. Therefore, assuming a ca. 20 times
greater ESA of the nanostructured catalyst that has the Pt loading of 26.5 ugp; cm~2 as
compared to that of pure Pt, the surface area normalized oxidation currents of the peaks A,
B and C are ca. 1.7, 2.0 and 1.4, respectively, times higher on Pt.

Increased electrocatalytic activity of PtNPsCu/Ti may be related to the formation of
Pt-Cu alloy and the change of Pt electronic structure due to the presence of Cu [21,50-57].

The PtNPsCu/Ti catalyst’s performance was investigated for both processes: HOR
(peak A) and BOR (peak C) using chronoamperometry and compared to that of Pt. The
corresponding CA curves are shown in Figure 9.

PtNPsCu/Ti catalysts which have the Pt loadings in the range from 2.1 t0 26.5 ugps cm™
and pure Pt show a current drop-off for the HOR generated by catalytic hydrolysis of
NaBH, (Figure 9a). It is seen that at the end of the experimental period (f = 130 s), the
current densities recorded at PtNPsCu/Ti are more significant, and the current density
decay is much slower than that on Pt. Current densities are ca. 7, 22, and 59 times greater at
PtNPsCu/Ti catalysts prepared by immersion of Cu/Ti in the 1 mM H,PtCls + 0.1 M HCl
solution for 5, 15, and 30 min, respectively, due to oxidation of hydrogen (Figure 9a),
whereas active surface area normalized currents are ca. 6, 16, and 3 higher at the Pt-
NPsCu/Ti catalysts than those on Pt.

Moreover, the PENPsCu/Ti catalysts, which have a Pt loading of 2.1 and 13.6 pgp; cm ™2,
also show the decay of current densities with reaching constant values within 30-60 s
during the oxidation of borohydride (Figure 9b). The latter catalysts have a greater electro-
catalytic activity and stability for BOR compared to pure Pt and Cu/Ti electrodes. Ca. 1.4
and 8.4 times higher current densities were obtained at these catalysts due to BOR than
those on Pt, whereas active surface area normalized current densities are ca. 1 and 6 times
higher at the latter catalysts than those on Pt (Figure 9b).
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Figure 9. Chronoamperometric data from pure Pt (dotted line) Cu/Ti (dashed line) and PtNPsCu/Ti catalysts which have Pt
loadings of 2.1 (solid line), 13.6 (dash-dotted line), and 26.5 (dash-dot-dotted line) ugpy cm 2 recorded at —0.7 (a) and 0.1 (b) V in
0.05 M NaBH,4 + 1 M NaOH. The potential was firstly held at open circuit for 10 s, then set to —0.7 and 0.1 V each for 2 min.
(c,d) represents CAs for PtNPsCu/Ti catalyst (13.6 ugpy cm—2) recorded at —0.7 and 0.1 V for 12 h and the corresponding

SEM image of catalyst.

Notably, the PtNPsCu/Ti catalyst prepared with a higher Pt loading of 26.5 ugp; cm 2
shows a current increase during the BOR (Figure 9b). It may be related to the two con-
secutive electron transfer steps for the oxidation of PtNPs and Cu at more positive poten-
tials [58,59], indicating the instability of this catalyst.

The long-term chronoamperometric test was also carried out for PtNPsCu/Ti catalyst
with Pt loading of 13.6 pgp; cm~2 at —0.7 and 0.1 V, respectively, up to 12 h (Figure 9¢).
As evident, the current densities are decreasing in time, indicating that the catalyst is not
sufficiently stable during the long-term test. After 12 h, the final current densities on Pt-
NPsCu/Ti catalyst are 1.6 and 6.1 mA cm~2 at —0.7 and 0.1 V, respectively (Figure 9c). Not
sufficient catalyst stability can be related to the simultaneously occurring anodic oxidation
of Cu underlayer with PtNPs at higher potential values (Figure 9¢, red line). Compar-
ison of the initial catalyst surface (Figure 1c) with the surface obtained after long-term
chronoamperometric test shows some effects of dissolution of Cu underlayer (Figure 9d).

Chronopotentiometry of BOR was also carried out on the PtNPsCu/Ti catalysts.
Following a rest period of 10 s at an open circuit, a current density step of 10 mA cm 2
was applied to the investigated catalysts for 120 s. The anode potentials (including the
open-circuit values between —0.879 and —1.123 V vs. Ag/AgCl) for the catalysts operating
at 10 mA cm~2 is given in Figure 10.
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Figure 10. Chronopotentiometric data for bare Pt (solid line), Cu/Ti (dotted line), and different
PtNPsCu/Ti catalysts as in Figure 8. The current step was 0 to 10 mA cm 2.

It was found that the difference between the steady-state operating anode potential
and the one at open-circuit was the smallest one on PtNPsCu/Ti with the Pt loading
of 26.5 ugpy cm~2. It was equal to ca. 0.122 V, followed by the catalysts, which have
the Pt loadings of 13.6 and 2.1 pugPt cm~2, where they reached about 0.238 and 0.301 V,
respectively. Finally, Pt reached about 0.412 V. Moreover, all the catalysts outperformed Pt
under the employed chronopotentiometry conditions.

The as-prepared PtNPsCu/Ti catalysts demonstrated their significantly greater elec-
trocatalytic activity for Hy and sodium borohydride oxidation than pure Pt and Cu/Ti.

Those catalysts seem to be a promising anodic material for DBFCs.

4. Conclusions

A series of PtNPsCu/Ti catalysts have been prepared via galvanic displacement reac-
tions between hierarchical electroless Cu layer and solution of HyPtClg. The as-prepared
PtNPsCu/Ti catalysts exhibited higher electrocatalytic activity for the oxidation of Hy,
which was generated by sodium borohydride catalytic hydrolysis and sodium borohy-
dride oxidation than that of a bare Pt electrode. The current densities for H, and direct
sodium borohydride oxidation are substantially enhanced on the PtNPsCu/Ti catalysts.
The prepared PtNPs modified Cu/Ti catalysts seem to be a promising anodic material in
producing direct or indirect DBFCs.
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