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Herein, we report the performance of Pd nanoparticles (NPs) prepared by Atomic Layer Deposition (ALD) as a
catalyst for methanol electro-oxidation. Pd NPs were decorated onto anodic TiOy nanotube (TNT) layers as
supporting material that possess a large available surface area and direct electrical contact via the underlying
titanium foil. Different Pd loadings (150 — 300 — 450 — 600 ALD cycles) show different particles sizes ranging
between 7 and 12 nm, as revealed by transmission electron microscopy. Coalescence dominated visibly from 450
ALD cycles, which led to a porous Pd layer all along the TNT walls rather than the growth of individual particles.
Electrocatalytic performance was investigated by cyclic voltammetry (CV), where the catalytic activity increased
proportional with Pd loading up to the highest values for 400 and 450 cycles, whereas a further increase in the
number of ALD cycles (Narp) did not show any additional improvement in methanol oxidation current densities.
TNT layers decorated with 400, 450 and 600 Pd ALD cycles show featureless curves suggesting complete anti-
poisoning ability or possibly a proof of a direct conversion from CH30H to CO, (without any intermediate
byproducts). The lack of an oxidation peak during the anodic scan and therefore a reduction peak during the
cathodic scan, confirms Pd NPs (stabilized by TiO») efficiently utilize OH,g4s and chemisorbed CH3OH in a way
that its CO poisoning was inhibited. As a result, the tuned high surface area TNT layers exhibited excellent
performance as a supporting material for Pd NPs against formation of electrochemical poisoning species. Finally,
the mechanism of the TNT layers interaction with Pd NPs, which led to the propelling methanol oxidation re-
action without loss in performance over cycling is postulated.

1. Introduction smaller NPs are less likely to have CO poisoning specially at high tem-

peratures, due to oxygen bond break resulting in oxygen desorption at

The ever-increasing global energy demand, along with the environ-
mental issues originated from the use of fossil fuel, triggered an intense
search for sustainable and clean energy alternatives. Direct methanol
fuel cells (DMFCs), in which the chemical energy stored in methanol is
converted to electrical energy, have been explored in the last years.
Unlike hydrogen fuel cells, DMFCs use liquid fuel that allows easier
handling and transportation. The two main reactions that determine the
activity of DMFCs are the anodic methanol oxidation reaction (MOR)
and cathodic oxygen reduction reaction (ORR) [1]. The catalytic reac-
tion kinetics during the fuel cell activity is dependent on the electrode
surface morphology and/or nanoparticles (NPs) sizes. Larger NPs can
relatively increase the NPs surface exposed to the surrounding electro-
lyte as compared to the interacted substrate surface [2]. In contrary,
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this level, which shows more resistant to CO poisoning [3]. Noble
metal-metal oxide-support interactions generally play a significant role
in electrocatalysis, as they maintain a high catalytic activity of noble
metal NPs due to their tolerance towards poisoning from reaction
byproducts. The use of metal oxide supports, such as MnO3 [4], SnO;
[5], or TiOy [6], proved to be very beneficial as they are highly stable
and maintain consistent conversion efficiency in fuel cells. Supporting
materials, decorated by NPs as a catalyst, enhance the electron transport
at the catalyst/electrolyte interface. The presence of oxide as a sup-
porting material, whether it is a reducible metal oxide, such as TiO5 or
FeOy, or a non reducible oxide such as ZrO5 [7], can directly affect the
catalytic activity. For instance, in catalytic converters used in the
automotive industry, CO interacts with oxygen on the catalyst surface
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producing CO». Hence, the reaction can proceed in two directions. In
case the supporting material provides oxygen, as it happens with TiOa,
these oxygen atoms will substitute the missing oxygen on the surface.
Otherwise, CO most likely substitutes oxygen atoms and deactivates the
surface [8]. In parallel, approaches based on variations in the electrode
morphology (nano-, meso-, and macroporous materials) have shown a
huge impact to prevent the development and accumulation of inter-
mediate products on the active electrode surface. In addition, the use of
alkaline electrolytes showed higher catalytic activity towards the anodic
regime compared with acidic electrolytes [9]. One must bear in mind
that testing noble metals, such as Pd, under intense anodic conditions in
alkali medium can result in total deactivation, due to the formation of Pd
hydroxylates. Also the electrolyte concentrations can directly influence
the MOR rate [10].

Regarding the noble metal NPs used as catalyst towards methanol
electro-oxidation, the inherent stability of Pt makes it a great catalyst
choice as an anode in DMFCs. However, taking into consideration the Pt
scarcity and the corresponding high costs for large scale Pt production, a
search for alternative catalysts has been initiated. Alloys of Pt with other
noble metals, such as Pd, are considered to be used on DMFCs electrodes
in order to reduce or substitute Pt mass. While a complete methanol
(CH30H) oxidation during the electrochemical process involves the
transfer of 6 electrons to obtain CO, as an end-product, incomplete
oxidation can result in other undesired products such as formaldehydes,
formic acids, and CO [11]. Pd has the tendency to bond with CO mol-
ecules, which leads to poisoning of the active surface. Even at lower
temperatures, the process can still facilitate CO to react, forming Pd
(CO)x compounds [12]. Hydration reaction that is more predominant on
Pd surface as compared to Pt, can later form OH groups that support the
de-poisoning process of the intermediate “CO” during methanol oxida-
tion [13], as shown later in this paper.

The importance of having NPs is based on the fact, that it signifi-
cantly improves the surface to volume ratio, providing more catalytic
active sites. The growth of uniform Pd NPs on high specific surface area
supporting materials is of paramount importance due to the improved
NPs count per unit area of support, thus increasing the catalytic activity
of the process. Several reports were reported on the employment of Pd
NPs on different substrates [14-16]. The available literature shows that
the deposition of Pd NPs on TNT layers utilizing different techniques
such as electrochemical milling [17], chemical bath deposition [18,19]
and electrodeposition [20], suffers from non-uniform depositions with
variations in coverage density all along the surface. Some of the pub-
lished literatures have focused on ALD based deposition of Pd NPs on
TNT layers for their applications on organic molecule degradation [2,15,
21,22]. Well dispersed Pd NPs over TNT layers were obtained in these
papers and their activities for different catalytic reactions were pro-
posed. However, TNT layers as a standalone are not a good material for
the electrocatalytics purposes, knowing its poor electrical conductivity.
However, as a supporting material, high surface area TNT layers can be
detrimental to facilitate the oxidation of reactant molecules (methanol).
This is due to an enormous amount of surface hydroxyl groups that are
well known to oxidize intermediate products, majorly CO generated
during methanol electrooxidation [23].

The aim of the current study is to conformaly decorate TNT layers by
homogeneously distributed Pd NPs using ALD and to evaluate their
catalytic activity profiles for methanol electro-oxidation. Therefore, the
ability of Pd NPs on TNT (Pd/TNT) layer electrodes to withstand against
surface poisoning is elaborated. Pd NPs were decorated by ALD onto 5
um thick anatase TNT layers. The morphology and the chemical
composition of the resulting Pd/TNT layers were investigated in detail
by scanning electron microscope (SEM), transmission electron micro-
scope (TEM), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS). The electrocatalytic activity of Pd/TNT layers towards
methanol electro-oxidation was evaluated by cyclic voltammetry (CV)
and chronoamperometry (CA) as a function of the number of ALD cycles.
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2. Experimental part
2.1. TNT layer preparation

The detailed protocol for the TNT layer was published in our previ-
ous work [24]. Briefly, Ti foils (Sigma-Aldrich, 0.127 mm, 99.7% purity)
were degreased and anodized at room temperature using a high-voltage
potentiostat (PGU-200 V, IPS Elektroniklabor GmbH) to develop TNT
layers of ~5 pm thickness and ~230 nm diameter in an ethylene
glycol-based electrolyte containing 10% water and 0.15 M NH4F at 100
V for 4 hours. Ti foils and TNT layers were annealed in air for 1 h at 400

C.

2.2. Atomic layer deposition of Pd

Pd NPs were deposited onto TNT layers and onto annealed Ti foils
using TFS 200 ALD reactor (Beneq) provided with stop-flow configura-
tion. Palladium(II)hexafluoroacetylacetonate Pd(CsHFgO2)2 (95%,
Strem Chemicals) and formalin (37% formaldehyde in water with
10-15% of methanol, Sigma-Aldrich) were used as the Pd precursor and
co-reactant, respectively. Pd precursor was heated up to 65°C, while the
deposition process temperature was 200°C. One ALD cycle (Naip = 1)
was defined by the following sequence: Pd pulse (2 s)-exposure (10 s)-Nj
purge (20 s)-formalin pulse (1 s)-exposure (10 s)-Nz purge (20 s). A
preliminary step to enhance the density of hydroxyl functional groups
on the surface substrate was applied to improve the Pd nucleation. Such
preliminary step consisted of 5 ALD cycles (water pulse (0.5 s)-exposure
(10 s)-N; purge (20 s)) followed by 20 cycles (Pd (0.25 s)-exposure (10
s)-Ny purge (20 s)) was employed with pulse, exposure, and purge du-
rations programmed as “5 * (0.5:10:20 s) and 20 * (0.25:10:20 s)” for
H,0 and Pd precursor respectively prior to the actual deposition of Pd.
The sole necessity of HyO pulse is to create -OH functional groups on the
substrate so that Pd can nucleate efficiently.

2.3. Characterization methods

Blank and Pd decorated TNTs (Pd/TNTs) and Pd/Ti foils were
characterized by scanning electron microscope (SEM) FEI Verios 460L.
Pd/TNTs were also characterized bya high-resolution transmission
electron microscope (HRTEM) Thermo Fisher Scientific Titan Themis
60-300, operated at 300 kV and equipped with a Cg; image aberration
corrector, a high angle annular dark field detector for scanning trans-
mission electron microscopy (STEM-HAADF) imaging, and Super-X en-
ergy dispersive X-ray (EDX) spectrometer with four 30 mm? windowless
detectors for STEM-EDX analysis to check the morphology and Pd NPs
size/distribution. The crystalline structure of Pd/TNT layers was
assessed using X-ray diffraction XRD (Rigaku Smartlab 3 kW diffrac-
tometer equipped with Cu-Kal radiation source). Surface chemical state
of Pd NPs before and after electrochemical measurements were studied
using X-ray photoelectron spectroscopy (XPS) Kratos Analytical Axis
Supra instrument, with Al-Ka monochromatic X ray source (hv =
1486.69 eV). The spectra were deconvoluted using CasaXPS software
and referenced to the Femi Level cut off, which means at 0 eV on the
binding energy scale. Pd 3d spectra were deconvoluted with asymmetric
Lorentzian function LA (1.5, 4, 45) for metallic state (Pdo), mixed
Gaussian-Lorentzian functions GL (30) for Pd oxides or hydroxides and
Pd plasmon loss.

2.4. Electrochemical analysis

The electrochemical measurements were carried out in a normal
three electrodes electrochemical cell at room temperature. Autolab
VIONIC potentiostat supported by INTELLO software was used for this
purpose. Two solutions of 1M KOH and 1M KOH/CH30H were used as
electrolytes. The reference electrode was Ag/AgCl 3M KCl (E'=0.210 V
vs RHE). A Pt foil was used as counter electrode, where Pd decorated Ti
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foils (Pd/Ti) and Pd/TNT layers were used as working electrodes. Before
every measurement, degassing of all electrolytes was carried out by
bubbling with ultra-high purity nitrogen for at least 15 minutes, this to
ensure the removal of the dissolved unwanted oxygen that can interfere
during the electrochemical oxidation process. All potentials given in this
paper were recalculated versus RHE. Cyclic voltammetric (CV) mea-
surements were carried at a scanning rate of 10 mV s~ *. Electrochemical
impedance spectroscopy (EIS) was conducted using the same setup as
above, using methanolic KOH as a solution at 0.8 V vs. RHE. In order to
check and compare the stability of various Pd/TNT layers and Pd/Ti
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foils, chronoamperometric (CA) measurements were performed at an
applied potential of 0.9 V vs RHE for 2 hours. The geometrical surface
area (0.636 cm?) was used to determine the current densities. In addi-
tion, the electrochemical active surface area (ECSA) has been deter-
mined and compared with the literature results.

3. Results and discussion

Fig. 1 shows SEM top-view images of TNT layers (5 um thick and with
an inner diameter of ~ 250 nm) decorated with Pd NPs using different

Figure 1. SEM top views of 5 um thick TNT layers decorated with Pd NPs using different Nap: (a) 0, (b) 150, (c) 300, (d) 350, (e) 400, (f) 450, (g) 600. The scale bars

in all images represent 300 nm.
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number of Pd ALD cycles (Narp): 0, 150, 300, 350, 400, 450 and 600.
Homogenous distribution of Pd NPs all along the inner and outer TNT
walls was verified. As one can expect, an increase in the Ny p results in a
higher density of Pd NPs on the TNT layer surface. From Na;p > 450
cycles (Fig. 1d), Pd NPs start to coalesce resulting into a porous Pd layer.

Figure S1 shows SEM top-view images of Ti foils decorated with Pd
NPs using different number of Pd ALD cycles (Narp): 0, 150, 300, 350,
400, 450 and 600. The Pd NPs are already coalesced at 300c, which is
much earlier than for the TNT layers, which offer slightly different
nucleation density and much higher surface area to host higher loading
of Pd. Considering the coalescence, the analyses of NPs size from Pd/Ti
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has no or limited sense. Moreover, TEM analysis of these specimens is
not possible, as they are too thick for electrons to pass through.

Corresponding EDX analyses for Pd/TNTs provided the weight per-
centage (wt %) distribution of C, Ti, O, and Pd. Figure S2 shows an in-
crease in Pd content on Pd/TNT layers with increasing Naip. EDX
spectra shown in Figure S3 approve the increasing Pd along with
increasing Naip.

The morphological features of Pd/TNT layers were further charac-
terized by HRTEM and compared with the non-decorated Pd layer (0
Narp). TEM images in Fig. 2 provide an overview of high-resolution
images showing the size and distribution of Pd NPs on TNTs. The Pd

Average NP size (nm)

T T T T
100 200 300 400 500 600
Number of Cycles

Figure 2. TEM images of single TNT with Pd NPs grown after 0 (a), 150 (b), 300 (c), 450 (d), and 600 (e) Pd Nayp, respectively. (f) Average NPs size as function of

Narp (for the same samples as in a) to €)).
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NPs were uniformly distributed all along the walls of TNT layers. As
mentioned above, Pd NPs coalescence started from 450 ALD cycles
(Fig. 2d). Regarding the Pd NPs size dependency with the number of
ALD cycles, Fig. 2f shows the average Pd NPs size for each sample with
different number of ALD cycles, determined using the statistical analyses
from TEM images. Average Pd NPs sizes for 150, 300, and 450 ALD
cycles were 7.5, 10.5, and 12.5 nm respectively. A higher Naip (600)
rendered the coalescence of Pd NPs, thus initiating the process to form a
porous Pd layer along the TNT walls.

XRD patterns of the blank TNT layer in Fig. 3a show typical peaks of
anatase TiO9 phase with the major peaks located at 25.2° and 48° rep-
resenting (101) and (200) anatase peaks. The additional peaks observed
at 38.4° and 40.2° represent the (002) and (101) crystalline planes of Ti
substrate. The (111) Pd plane diffraction peak observed for higher Pd
decorated TNTs (450 and 600 Nu;p) should appear at 40.1° but due to
overlapping with Ti (101) peak it is difficult to discern. Having a closer
look at 600 Nuip 40.1° peak, the peak becomes broader (compared to
other peaks) with a lower intensity covering both 40.1° and 40.2°, this is
due to the decreasing size of Pd NPs crystals. A broad peak detected
around 46.2° could be ascribed as Pd (200), which was visible only in
TNT layers decorated with 450 and 600 Pd Nujp. This could be due to
formation of porous Pd structure unlike the samples deposited with a
lower Nuip (150 and 300) revealing more dispersed Pd NPs within TNT
walls, preventing X-ray diffraction detection.

Fig. 3b show high resolution Pd, Pd 3d XPS spectra obtained before
and after the CA. Both spectra show the corresponding spin-orbit split-
ting Pd 3ds/s / Pd 3ds/, with similar shapes. Seven components were
used to deconvolute both spectra; six associated to the spin-orbit split-
ting, which correspond to three different chemical species, and the
leftover for the characteristic plasmon loss that appears as Pd is mostly
metallic. The first doublet (red peaks) are centered at 335.3 / 340.6 eV
confirming the presence of metallic Pd (Pd%) [25]. The binding energies
corresponding to the second doublet (blue peaks) at 336.9 / 340.5 eV,
were related to Pd** [26], while those from the third doublet (green
peaks), located at 338.7 / 344.0 eV were assigned to Pd** [27]. Pd** and
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Pd** could be related to corresponding oxides or hydroxides [28,29].
Since no major differences were found from chemical species and/or
binding energies shifts in Pd spectra before and after the electrochemical
measurements, quantification of the oxidation states was performed, as
shown in Fig. 3c. According to these results, it is evident that after CA
measurements the amount of metallic Pd decreases slightly (around
4.3%), while the content of Pd*" increases.

The surface chemical state of TNT layers decorated with 600 Pd N p
was investigated before and after the electrochemical measurements by
XPS. The survey spectra (Figure S4a) in both cases reveal the presence of
C, O, Ti, F and Pd. The C signal comes from the adventitious carbon. The
presence of oxygen can be identified from the Auger O KLL signal, since
the O 1s has a strong overlapping with the Pd 3ps/» signal. Ti peaks are
due to the substrate (TNT layers), while F is a remnant from the Ti foil
anodization process. In order to verify the chemical nature of TiO5 after
the ALD process, additional high resolution XPS analysis was conducted
for Pd/TNTs sample produced with 600c of Pd ALD process (i.e. before
any electrochemical experiment). This sample spent the longest time in
the ALD reductive atmosphere. Figure S4b shows Ti 2p high resolution
spectrum of the corresponding sample. The spectrum reveals only the
Ti** state, since Ti 2p3/2 is at ~459 eV. Thus, it is clear that no
reduction of Ti** to Ti®* occurred during the ALD process.

Fig. 4a exhibits the electrocatalytic activity profile of Pd/Ti foils in
electrolyte of 1 M KOH solution. The blank foil shows no response along
the CV in the potential range (0 to 1.2 V), indicating no oxidation re-
action occurs. Increasing Pd Nayp from 150 to 600 enhanced the current
density at lower potentials, showing sharp peak at around 0.1 V. This
peak represents the desorption of H on the Pd NPs surface due to the
electrolyte (1M KOH) enriched with dissociated hydroxyl groups. While
it is well known that the Pd surface gets gradually oxidized as the anodic
scan moves towards higher potential region for E > 0.7 V [30], the
reverse scan shows a reduction peak at around 0.7 V representing the
desorption of oxygen (reduction of PdO to Pd), adsorbed during the
previous forward scan between 0.75 and 1.2 V. Fig. 4b depicts the CVs
obtained from the set of Pd/Ti foils tested in 1 M KOH/CH3OH.

A - Anatase

Ti- Titanium

Before CA iPd?

(b)

b, Pd 3d,,
T Pd 3d
) \ 450c Pd *
s e
£ Plamon loss
2 ) l. 390c Pd _
g 3 b
= 8 =
, |, 150cPd £ P
i H k b ] 1
: P & | Afterca L
I : £
: w, i L ¥ J ll LUC P
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(c) Sample Atomic concentration (%)
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Binding energy (V)

Figure 3. (a) XRD patterns of 5 pm thick Pd/TNT layers decorated with Na p = 0, 150, 300, 450, and 600 Pd. b) Pd 3d XPS high resolution spectra of 600c Pd/TNT
layers before and after chronoamperometric (CA) measurements. ¢) Atomic concentration of Pd deduced by XPS.
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Figure 4. CVs showing three consecutive cycles for Pd/Ti foils (a, b) and Pd/TNT layers (c, d) decorated with different Na;p (0, 150, 300, 350, 400, 450, and 600),

recorded in 1 M KOH (a, ¢) and methanolic (1 M KOH + 1 M CH30H) electrolyte by applying a scanning rate of 10 mV s

Noticeable oxidation peaks appear starting from Ti foils decorated with
300 Pd Najp. The results also indicate that increasing Pd N p deposited
on Ti foils leads to an increase in the methanol oxidation peak current
density, and therefore in the cathodic scan the CO oxidation peak cur-
rent density. The highest current density value of 8.9 mA cm™2 corre-
sponds to the Ti foils decorated with 450 Pd N p, while those decorated
with 300 and 600 Pd Na;p show comparatively lower values of 5.8 and
7.8 mA cm~2 at ~0.8 V (noted from the third CV cycle).

The electrocatalytic activity of Pd NPs on Ti foils in methanolic KOH
electrolyte shown in Fig. 4b follows the trend of anodic oxidation of

-1

MeOH and cathodic oxidation of CO [31]. The obtained CV scans are
explained by the fact that during the anodic scan, the sample surface is
being activated within a certain potential range, after which it becomes
deactivated by oxide species (such as CO), attached on Pd NPs surface
preventing further electro-oxidation of methanol. Oxidation reaction
initiates at around 0.7 V and the resulting current density increases to
reach the electro-oxidation limit at 0.8 V. At this point (0.8 V), the
catalytic active sites of Pd NPs surface were poisoned due to adsorption
of CO intermediate formed during methanol oxidation, decreasing the
current density until the surface is completely inactivated. However,



B. Bawab et al.

reactivation of the Pd NPs surface occurs during the reverse cathodic
scan within a potential value ranging between 0.7 and 0.6 V, due to
oxidation of the adsorbed CO molecules (to CO5) and reduction of PdO
to metallic Pd.

The metallic Pd and Pd hydroxides are responsible for the increase in
the current density among samples of Pd/Ti foils. Along the potential
increase in the anodic scan the number of neighboring OH groups on Pd
also increases. Thus, such increment of OH groups at higher potentials
facilitates an additive effect on the removal of the CO molecules,
adsorbed during the anodic scan.

Fig. 4c-d shows the electrocatalytic performance obtained from Pd/
TNT layers, which behaves differently from Pd/Ti foils, when it comes to
methanol oxidation. TNT layers tested in non-methanolic electrolyte
(Fig. 4c) show similar peaks compared with Ti foils. In the oxygen
adsorption range (0.7 — 1.2 V), Pd-OH, PdO, and/or PdOx could be
formed, while a desorption reduction peak is more pronounced in Pd/
TNT layer decorated with 400, 450 and 600 Pd Nu;p compared with Ti
foils due to higher Pd loadings. Furthermore, Fig. 4d shows Pd/TNT
layers performance in methanolic KOH, showing current densities of
66.7, 64.8 and 62.6 mA cm 2 obtained at 1.2 V for 400, 450 and 600 Pd
Narp respectively. The CVs show no visible anodic and cathodic peaks,
thus representing a featureless polarization curve with an onset poten-
tial of 0.5 V. The TNT layer is an oxyphilic oxygen atoms provider. It
appears to be an effective oxidizer to mitigate electro-oxidation of
methanol on the Pd/TNT layer surface, circumventing either CO
poisoning of Pd NPs surface or avoiding formation of intermediate
organic species. [8,23,32]

During the electrode deactivation, observed for Pd/Ti foils, CO
species, in addition to other intermediates formed during the process of
methanol electro-oxidation, are believed to be the main electrode
poisoning species. As a matter of fact, based on the previous literature
[33] CO is not the only source of poisoning the catalyst surface, and
removal of CO is a diffusion controlled process, which explains the slow
desorption process. The oxidation of CO,qs is considered as the rate
determining step according to the following reaction, and it is well
known that the complete MOR can yield CO; as end product:

CH30H 4 + 40H —CO,4 + 4H,0 + 4e™ (Eq. 1)

COyuus +20H —CO, + H,0 + 2™ (Eq. 2)

In a typical anodic scan of MOR (Fig. 4b) the oxidation starts and
carries on until a certain potential where the adsorbed OH groups can no
longer react with the available CO molecules adsorbed on the surface
(COags), leading to a current density drop. CO and OH groups are
believed to be evolving during the same potential window. However, the
effect of higher potential excels the activity of OH groups. To simplify,
CO bonding on the surface can only lead to a loss of surface activity as
explained before and shown in (Fig. 4b), while the CO oxidation reaction
occurring with the neighboring OH groups, bonded into the surface of
high surface area TNTs, plays an important role in clearing CO molecules
and the other adsorbed species.

The obtained featureless curves (Fig. 4d) show no decline in the
current density during consecutive CVs within the applied potential
range (0 to 1.2 V). In order to study such effect, the potential range is
split into two parts. A lower potential region below the peak potential
value around 0.8 V (Fig. 4b), and a higher region above this value. At the
lower potential region, adsorption of methanol takes place, and Eq. (1)
applies resulting in CO adsorbed on the surface. Following, Eq. (2) ap-
plies at higher potential, supported by the oxophilic nature of TiO3 and
its electron donor properties, which enhance the CO,q4s oxidation ki-
netics enough to keep the CH3OH oxidation without surface blockage by
intermediates. Thus, CO,4s oxidation reaction is not considered as the
rate determining step anymore with the Pd/TNT layers.

The electrochemical surface area (ECSA) was determined using the
integrated reduction peak of PdO. The value of charge for the reduction
of a PdO monolayer was taken from the literature [34,35] with Qy =
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424 uC/cm?. The ECSA value was determined using the following
formula.

Qint

M

ECSA =

Since the value of Qj,¢ is scan rate dependent, it is correct to use
different scan rates for determining the final value of charge integrated
from the reduction peak.

The ECSA of Pd/TNT layers decorated with 450 Pd and 600 Pd N p
were calculated to be 176 cm? and 213 cm?, far higher as compared to
0.636 cm? obtained as the corresponding geometrical area (defined as
the dimensional area exposed to the electrolyte, without taking the
surface porosity into consideration). The ECSA value obtained for the
TNT layer decorated with 600 Pd Nujp is about 7 times larger than the
ECSA values reported in the literature, which were estimated to be 22.3,
29.6, and 7.1 cm? for Pd/TNT layers (500, 700, and 900 Pd Naip) [2],
and 14.2 cm? for palladium supported TiO, nanotube array (Pd-TNTA)
developed by electrochemical milling and faceting (ECMF) method [17].

Electrochemical impedance spectroscopy (EIS) was used as a
powerful tool to study the electron-transfer kinetics of the methanol
oxidation reaction. EIS measurements were carried out at a frequency
range (10~2 and 10° Hz), and an AC amplitude of 10 mV at a potential of
0.8 V vs RHE in 1M KOH/CH3OH electrolyte. In general, the charge
transfer resistance value is represented by the diameter of the semicircle.
A smaller diameter corresponds to a smaller charge transfer resistance,
which in turn represents a high charge transfer rate provided the eval-
uation performed for all the samples at the same potential. Fig. 5 rep-
resents the Nyquist plots for Pd/TNT layers decorated with different
Narp of Pd. The Nyquist plots for Ti foils and a comparative assessment
of charge transfer resistance values for both foils and TNTs with Pd are
provided in Figs. S5 and S6. The decrease in charge transfer resistance
for TNTs decorated with Ny p Pd is evident and no significant difference
among samples with 400, 450 and 600 N p was observed, which aligns
with observed current densities from CV for the samples.

In order to evaluate the stability of Pd NPs in 1M KOH electrolyte
within the potential range of 0 — 1.4V, 22 consecutive CV cycles were
performed for TNTs decorated with Pd NPs using Najp = 600, as shown
in Fig. 6. The resulting CV curves showed several meaningful regions in
the anodic as well as in the cathodic scan, as described ahead. The lower
potential region (1) corresponds to hydrogen desorption or adsorption in
addition to K™ cation species [36]. This process takes place as a result of
a previous adsorption process happened during the reverse scan at po-
tential ranges between (0 — 0.2V). The peak intensity increase with
cycling could be due to accumulation of the adsorbed species at the
surface during cycling. In region (2), the lower current density corre-
sponds to the double layer charge, but the current density increases
upon cycling. It is shown in ref. [37] that it is unlikely that the rise of the
anodic peak during cycling is related to oxide formation. At the same
time, the decrease in oxygen adsorption current density (region 3) may
indicate the lower quantities of the adsorbed OH groups on the surface
and PdO could be formed alternatively. The detailed oxidation process is
not yet fully understood. The formed OH groups react with monoxides
obtained during dehydrogenation process leading to a complete reac-
tion. Then the slight increase in current density of the sharp cathodic
peak (region 4) represents the reduction of PdO into Pd, where the in-
tensity increases with increasing the palladium oxide on surface.

In order to exploit the stability of Pd NPs on TNTs in 1M KOH + 1M
CH30H electrolyte, 22 consecutive CV cycles were performed for TNTs
decorated with Pd NPs using Najp = 450, within the potential range of
0 — 1.2V. The resulting CV curves shown in Figure S7 prove very good
stability of the sample tested.

In order to gain further insight into the stability of the Pd/Ti foils and
Pd/TNT layers electrocatalyst, chronoamperometric (CA) measure-
ments were carried out for 2 hours at 0.9 V. CA curves obtained for Pd/
TNT layers are shown in Fig. 7. CA curves for Pd/Ti foils are shown in
Figure S8. Pd/Ti foils show a drastic decrease in the current densities
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Figure 5. EIS Nyquist plots for Pd/TNT layers in methanolic (1 M KOH + 1 M CH30H) electrolyte using different Njp.
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Figure 6. CV curves (22 consecutive cycles) obtained in 1M KOH for 5um TNTs decorated with Pd NPs using Narp = 600.

during the CA analysis confirming the effect of CO poisoning that led to a
loss of active sites responsible for methanol electro-oxidation. Whereas
the results obtained from Pd/TNT layers confirm the benefits of noble
metal - metal oxide support interaction, by providing significantly

e -
0.8 1 1.2 14 1.6

higher tolerance to CO poisoning. The CA results depict relatively stable
current densities along the CA test for the Pd/TNT layers decorated with
600 Pd Napp, developing a current density of 28.5 mA cm™2 (Fig. 7). In
contrast, the Pd/TNT layers decorated with 450, 400, 350, 300, and 150
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Figure 7. Chronoamperometric (CA) curves demonstrating the stability of Pd/TNT layers with different Na;p (150, 300, 350, 400, 450, and 600). CA curves were
recorded in 1M KOH + 1M CH3OH at 0.9Vgyg for 2 h.

Pd Ny p show comparatively a higher current density drop (compared to respectively. Therefore, the results indicate that the Pd NPs size plays a
the initial current density) after 2h test, with current densities of 24.8, significant role in the electrocatalytic performance. Thus, the domi-
16.7, 0.5, 1.07, and 0.07 mA cm ™2, respectively. Interestingly, the drop nance of the OH coverage on small Pd NPs will decrease the catalytic
in current densities was attenuated for a higher Pd Npyp. Thus, the active Pd surface responsible for methanol adsorption, leading to a
percentages of current density loss were 16.1%, 23.7%, 32.1%, 42.8%, higher drop in the current densities under long term performance [38].

49%, and 75.8% for 600, 450, 400, 350, 300 and 150Pd Naip, Hence, based on the results obtained in this work, it is suggested that the

Table 1
Overview of current densities obtained from the published literature and compared with density acquired in this work. All values determined or calculated at 0.9V vs
RHE, if not denoted otherwise.

From CV From CA
Substrate Scan rate mV. Current density (mA Onset Area considered fromcurrent density (mA cm2) Ref.
st cm?) potential @time@ V
Ethanol SnO,/Pd 500 cycles 25 1.19 ECSA -0.465 (ECSA) [39]
oxidation 0.4 @0s
0.19 @3500s
TiO, TNTs/Pd 25 0.63 ECSA -0.465 (ECSA) [2]
500 cycles 0.2375 @O0s
0.175 @3500s
Pd/TiO,C 50 18 0.424 Chronopotentiometric [19]

3mA/cm? @0s@0.57V
3mA/cm? @28800s@ 0.72V

Methanol Smooth Pt 50 3.84x10°° A 0.5 NA [40]
oxidation electrode
Pd/C 20 3.1 0.6 NA [30]
PdRh/C 20 5 0.6 NA
Pd/TiOy NTs in 50 8.66 A 0.436 NA [41]
H,SO04
60-65% porous Pd 25 710 0.15 NA [10]
Pd/TiO5-C 50 2.24 (ECSA) 0.44 (ECSA) [42]
1.83 @7200s

TiO»/Pd 10 32 ~0.5 (Geometric) This
450 cycles 24.8 @7200sec @0.9V work
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drop in current densities is in relation to the size of Pd NPs deposited
onto TNT layers for different Na;p, where the current density stability
follows this trend: 600 > 450 > 400 > 350 > 300 > 150c. It is worth
clarifying that the current drop in the same plot can be separated into
two parts. The fast drop during the first few seconds was followed by
constant slow drop with time. As the potential is triggered, the high
current recorded just after t = 0 s is due to the trapped electrons at the
surface. The later slow current density decrease is ascribed to gradual
oxidation of metallic Pd to PAO (Pd2+) as observed in Fig. 3c. In the next
period, the current densities are much more stable. In addition to the
ability of Pd/TNT layers to stand against poisoning, the obtained current
densities show decent records, when compared with other literatures —
for comparison see Table 1.

4. Conclusion

ALD is an effective method to load NP of Pd on high aspect ratio
substrates. Thus, it was used to decorate TNT layer by Pd NPs using
different number of ALD cycles. The mechanism of methanol electro-
chemical oxidation was successfully assessed using CV and extended
potentiostatic measurements. The formation of featureless curves rep-
resents an innovation in bypassing the poisoning effects of methanol
electro-oxidation intermediates. The advantage of this process can be
claimed to the presence of TiO,, an oxophilic supporting material for Pd
NPs, which effectively promote a complete conversion of CH3OH to CO».
In addition to the supporting effect of the TiO3 nanotube substrate, NPs
size proved to show an important effect against surface deactivation,
where increasing the NPs size from 7.5 to 12.5 nm (towards porous Pd
layer) shows a much lower loss in current. Notably, XPS analysis for
600c Pd provided significant evidence about the Pd oxidation state after
chronoamperometric measurements, obtained as 85.5% in metallic form
of Pd°, which slightly lower value compared to before CA. Such that, the
decrease in metallic Pd content (oxidized to Pd*") can stand as the main
reason of activity loss during methanol electro-oxidation, where no clear
poisoningdetected as an effect of adsorbed carbonyl groups on the sur-
face of Pd NPs.
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