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ABSTRACT. Palladium nanoparticles and SnO, layers have been grown by two successive steps
of atomic layer deposition onto TiO, nanotubes (TNTs). The three-dimensional nanostructured
catalytic systems have been studied for ethanol electrooxidation in alkaline media. Characterization
by scanning and transmission electron microscopies, x-ray photoelectron spectroscopy, and x-ray
diffraction indicates the high conformity, the high purity, and the perfect stoichiometry of Pd and
SnO, deposits onto the TNTs. The electrochemical investigations performed by cyclic voltammetry
and chronoamperometry have revealed the beneficial effect of the annealing of the support toward
ethanol electrooxidation reaction. The comparison of the catalytic activity with literature shows

that such SnO, based substrates exhibits highly promising performances.



INTRODUCTION

Direct alcohol fuel cells (DAFCs) have received a great deal of attention for energy generation and
storage in portable electronic devices and vehicles. Among the different possible alcohols, ethanol
is a promising liquid fuel because it has no toxicity, a high energy density and it can be easily
produced from the fermentation of biomass.!* However, the ethanol oxidation kinetics on Pt-based
catalysts in acidic media is slow, incomplete and mostly leads to the production of acetic acid and
acetaldehyde. The recent development of anion exchange solid electrolytes advanced the
development of alkaline DAFCs where the oxidation kinetics is faster and allows using cheaper
electrocatalysts than Pt. Pt-free catalysts or Pt alloying with co-catalysts can be used for ethanol
oxidation reaction (EOR) in alkaline media.* Within this context, palladium has emerged as an
attractive candidate for DAFCs. Pd is more abundant and less expensive, however the EOR is not
complete in alkaline media leading to acetate and acetaldehyde formation in addition to small
amounts of CO,. It is therefore necessary to improve the catalyst to efficiently break the C—C bond
at low overpotentials. In order to improve the performances of Pd toward ethanol electrooxidation,
bimetallic PdA/M (M =Ru, Au, Ir, Sn, Ni) catalysts have been intensively studied in alkaline media.>
8 Another possibility to enhance the performances of Pd based catalyst is the use of a catalyst
support with a high surface area and a better stability than conventional carbon black.? The catalyst
substrate should promote the formation of well-dispersed and stable Pd particles. The support, in
addition to its structural role, can have an electronic effect on the catalyst phase and influence the
catalytic activity of metallic particles via metal-support interaction (MSI).%"!" This in turn will affect
the adsorption strength of ethanol and reaction intermediates resulting in improved catalyst activity
and in some cases its selectivity. Numerous nanostructured substrates such as carbon microspheres,
hollow carbon spheres, nanowires and carbon nanotubes (CNTs) have been investigated to enhance
the catalytic efficiency of Pd and to reduce the costs.!>!3 Nevertheless, carbon-based materials are
not stable and corrode under reaction conditions. TiO, is well known for its high stability and its
strong MSI with Pt group metals.’ It is thus an interesting support for Pd particles.'* Among the
numerous types of titanium dioxide nanostructures, the nanotubes are interesting because the
exhibit a high specific area and a well-defined geometry. TiO, nanotubes (TNTs) can be obtained
by different methods such hydrothermal reaction, deposition in templates, molecular assembly
templating, electrospinning and anodic oxidation.!* The later method is straightforward and offers

a large control of the tube morphology. In anodic TNTs, the charge transport and collection are



facilitated by the nanotubes self-alignment, because they are connected by the Ti substrate. In a
previous work,'¢ it has been shown that anodic TNT arrays can be suitable supports for Pd
nanoparticles grown by atomic layer deposition (ALD) and that the annealing of titania improves
the electrocatalytic activity of the catalysts. Although a high and stable electroactivity has been
measured on such Pd/TNT systems further improvements are proposed in the present work through
the addition of a SnO, interlayer between TNTs and Pd nanoparticles.

SnO, has been widely studied for application in sensors, batteries, photovoltaic cell,
optoelectronic device and catalytic application.!” There are a number of studies that show a
promotional effect of SnO, support on alcohol electrooxidation.!®2! A chemical modification of
TNT surface by SnO, deposition is therefore suitable to enhance the Pd properties toward ethanol
electrooxidation. Several techniques can be used to functionalize TNTs with SnO,. The SnO, has
been deposited onto anodic TNTs by solvothermal method,* by electrodeposition?® or by ultrasonic
deposition.* However, ALD remains a method of choice to grown conformal, particles®® or
continuous®*?’ oxide layers as well as sulphide?? films and specially SnO, onto such
nanostructures.’3! To avoid any film contamination, a process with non-halogenated precursor has
been used.’*- 3 In recent years, many groups have reported the interest of using ALD to grow
metallic nanoparticles onto nanostructured substrate.>*3¢ The amount and the composition of the
catalyst are fully controlled, the nanoparticles exhibit the same or better performances than particles
grown by other methods.!6-37-3

The aim of the present study is to compare the electrochemical response of Pd catalysts
supported by two different nanostructured materials: bare TNTs and SnO, coated TNTs. Since the
SnO, deposition proceeds with a negligible variation of the geometry, the influence of the chemical
nature of the substrate is solely expected. As schematically presented on Fig. 1, the SnO, layer and
Pd nanoparticles have been successively deposited by ALD onto anodic TNTs (Pd/SnO,/TNTs).
The morphology, the chemical composition and the crystalline structure of the SnO, layer and the
Pd catalysts have been investigated by scanning and transmission electron microscopies (SEM and
TEM, respectively), x-ray photoelectron spectroscopy (XPS) and x-ray diffraction (XRD). The
electroactivity of the Pd/SnO,/TNTs systems toward ethanol electrooxidation has been measured
by cyclic voltammetry (CV) and chronoamperometry (CA) as a function of the ALD parameters

and depending on the crystalline structure of the SnO,/TNTSs support.



EXPERIMENTAL

Preparation of TiO, nanotubes

The TiO, nanotubes have been grown by anodization of Ti foils (Advent, 95.6% purity) in an
aqueous fluoride containing acidic electrolyte (1 M H;PO4 + 1 M NaOH + 0.5% HF) as described
in a previous publication.* The electrochemical oxidation was performed under a constant applied
potential (U) of 20 V at room temperature using a high-voltage Modulab potentiostat (Solartron

Analytical).

Atomic layer deposition of SnO,

The SnO, layer was grown by atomic layer deposition in a Fiji 200 reactor from
Ultratech/Cambridge Nanotech. The deposit was achieved at 7= 200°C with tetrakis(dimethyl-
amino)tin (TDMASn, 99.99%, from Strem chemicals) and hydrogen peroxide (30% from Sigma-
Aldrich). In order to achieve a high growth per cycle (GPC) H,O, has been chosen as oxygen source
(Caution: when performing the ALD process, the H,O, concentration in the canister can increase
due to a distillation phenomenon. The solution can become potentially explosive. A fresh solution
should be used for each run). The canister containing the TDMASn was held at 7= 80°C. The so-
called exposure mode was used to facilitate the deposition onto the whole TNTs. It consisted of
isolating the reactor from the pumping system during each precursor pulse. The ALD process was
therefore defined as the successive pulse, exposure and purge steps for both precursors. The
sequence durations were 1:10:10 s and 1:10:10 s for TDMASn and H,O,, respectively. The ALD
of SnO, was performed onto both TNTs and flat Si (100) substrates to facilitate some
characterizations. The amount of deposited stannic oxide was controlled by the number of ALD
cycles (Nsqo.). Modification of the crystalline structure of SnO,/TNTs was achieved by an annealing

at 450°C for 2 h in air.

Atomic layer deposition of Pd

The deposition of the catalyst has been described previously.*! It was carry out in the same reactor
with palladium(IT)hexafluoroacetylacetonate (Pd(hfac),, 98%, from Strem Chemicals) and
formalin (37% formaldehyde in water with 10—15% of methanol from Sigma-Aldrich). The Pd

canister was maintained at 90°C, while the temperature of the reaction chamber was set to 200°C.



The pulse, exposure, and purge durations were 1:30:30 s and 3:30:30 s for Pd(hfac), and formalin,

respectively. The number of ALD cycles (Npq) was varied to adjust the catalyst load.

Characterization Methods

The thickness of the SnO, deposit was measured by spectroscopic ellipsometry using a M2000V
from J. A. Woollam Inc. The morphology of SnO,/TNTs as well as the Pd/SnO,/TNTs were
characterized by SEM (JSM 6320F, JEOL) and TEM (JEM 3010, JEOL). The crystal structure of
the SnO, layers and the TiO, substrates were analysed by XRD using a Rigaku RU-200 rotating
anode x-ray generator (operating power 40 kV/30 mA) equipped with a Xenocs Fox3D Cu 12_INF
mirror and a Mar345 image plate detector from Rayonix. Selected-area electron diffraction (SAED)
was also performed in the TEM to locally study the crystal structure of the Pd/SnO,/TNTs systems.
The chemical composition of the deposits was determined by XPS using a Kratos Axis Ultra DLD
with a Hybrid lens mode at 140 W and pass energy of 20 eV using a monochromatic Al K,. The
Sn 3d, Pd 3d and O 1s XPS core level spectra were analysed using a fitting routine which
decomposes each spectrum into individual mixed Gaussian-Lorentzian peaks using a Shirley
background subtraction over the energy range of the fit. The binding energy (BE) was corrected
using the C 1s peak at 284.8 eV as an internal standard. The fitting of the Sn 3d was analysed using
doublets with spin orbit splitting (SOS) 8.44 and intensity ratio Sn 3ds,:Sn 3d;, = 3/2. The
deconvolution of Pd 3d was performed using doublets with SOS 5.3 eV and intensity ratio
Pd 3ds,:Pd 3d,,, = 3/2,* while a peak asymmetry was used in the case of the Pd 3d peak attributed

to the metallic state based on the work of Hiifner et al .4

Electrochemical Characterizations

The electrochemical characterizations of Pd/SnO,/TNTs were carried out in the conventional three-
electrode electrochemical cell made of PTFE at room temperature. The BioLogic VSP potentiostat
equipped with the EC-Lab software (BiolLogic Science Instruments SAS) was used for
electrochemical measurements in 1 M KOH with and without 1 M C,HsOH. The reference
electrode used was a Hg/HgO (MMO, E° = 0.098 vs SHE), and the counter electrode was a large
surface area Pt mesh. Cyclic voltammetry was carried out at a scan rate of 25 mV s™' unless

otherwise stated. Chronoamperograms were performed by holding the potential at —-0.6 V vs MMO



for 5 min and then stepping to —0.2 V for 1 h. All the potential are given versus the MMO reference

electrode.

RESULTS

SnO, deposition onto TNTs

In order, to optimize the SnO, deposition different conditions have been investigated, such as the
pulse and the purge durations as well as the reactor and the canister temperatures. The influence of
those parameters on the growth rate has been studied and adjusted (Fig. S1). In the following, only
the Ns,0. was varied to control the thickness of SnO,. SEM top views of TNTs with an increasing
number of ALD cycles are shown on Figure 2 (Ns,0. =0, 20, 50, 100 and 150 cycles). The typical
morphology of bare TNTs grown in an aqueous electrolyte is observed on Figure 2a. The diameter
of the nanotubes is about 70 nm, the length is around 1 pm and the wall thickness is approximately
10 nm (additional SEM images are provided in Figure S2). After ALD of SnO,, the wall thickness
increases progressively with Ns,o. (Figure 2b-e). For 150 ALD cycles the opening of some TNTSs
is even fully filled by the deposit. The thickness of the film (#s,0.) has been measured by
spectroscopic ellipsometry on silicon wafers (Figure S1c). It reveals a linear increase of fs,0. With
the number of ALD cycles. A GPC around 1.9 A/cycle is then calculated from the slope of the
straight evolution. This value is in line with the GPC reported previously by Elam et al.3! The SEM
images show a smooth and homogenous layer of SnO, onto the TNTs. They suggest a uniform
coating of the TNTs but top views do not provide accurate information about the conformity. Thus,

cross sectional observations have been performed by TEM.

The Figure 3 shows TEM cross-sections of TNTs after ALD of SnO, (Nsa0. = 100 cycles). A large
view presenting the tube mouth and walls is presented in Figure 3a where the TiO, appears as light
grey while the SnO, film corresponds to the darker grey areas (for seek of clarity the SnO, layer is
highlighted in blue). Although the opening of the voids located between the tubes is much smaller
than the inner diameter, the tindioxide SnO, deposition occurs similarly inside and outside the
TNTs. The tubes are fully covered by a smooth and continuous layer of SnO,. The thickness of the
SnO, layer is rather constant on the different parts of the tube walls. As seen on Figure 3b, the

deposition takes also place conformally at the bottom of the TNTs. The thickness of the SnO, layer



in the TNTs is approximately 16 nm. It is in agreement with the value (19 nm) obtained on plane
Si.

The crystalline structure and the chemical composition have been investigated by XRD and
XPS. The XRD patterns of as-grown and annealed SnO,/TNT systems are compared on Figure 4.
The diffractogram of the as-grown sample exhibits peaks from the Ti substrate (JCPDS #00-044-
1294) and no crystalline TiO, is detected since the TNTs are usually amorphous after the
anodization process. A small contribution from the rutile phase of SnO, (JCPDS #00-41-1445),
also called cassiterite is also measured at 26.61°, 33.91° and 51.83° corresponding to the (110),
(101) and (211) planes, respectively. After annealing at 450°C, two additional peaks ascribed to
the plane (100) and (002) of the Ti appears at 35.00 and 38.45°, amorphous TiO, becomes
crystalline. The peaks ascribed to the anatase structure (JCPDS #00-021-1271) are clearly visible
at 25.33°,48.08°, 53.93°, 55.12° and 62.75° which are attributed to the (101), (200), (105), (211)
and (204) planes, respectively. After the thermal treatment, the diffraction peaks from SnO, are
more intense and the presence of two additional peaks are visible at 37.92° and 39.00°. They
correspond to the planes (200) and (111) of the cassiterite, respectively. The SnO, peaks are broad.
They suggest a relatively small crystallite average size. As expected the survey spectrum of
SnO,/TNTs (shown in Figure S3) contains peaks corresponding to Sn, O and C.

The XPS spectrum of Sn 3d is presented in Fig 5a. The peaks centred at 487.1 and 495.5 eV are
attributed to Sn 3ds, and Sn 3d;;,, respectively.**4® The deconvolution of the Sn 3d peaks reveals
the existence of tin atoms in the oxidation state 4+, it can be deduced the presence of stoichiometric
SnO,. The spectrum of O 1s peak is shown on Figure 5b. It can be deconvoluted with two
contributions. The main one, centred at 531 eV, is attributed to O% in SnO, and the other one
positioned at 532.5 eV is ascribed to adsorbed oxygen or to the presence of water. This analysis
confirms the high purity of the deposit and the absence of Ti peaks indicates a good coverage of
TNT by ALD of SnO,. In the following, 75 ALD cycles (i.e. approximately 14 nm) have
systematically been used to grow SnO, on TNTs. The resulting SnO,/TNTs were either used

as-grown or after an annealing at 7' = 450°C.

Palladium deposition

The morphology of the Pd particles deposited onto as-grown SnO,/TNTs has been observed by
SEM. As shown in the previous part for #ir—diexide SnO,, ALD is commonly used to grow



continuous films. Though the SEM top view (Figure 6a) shows Pd nanoparticles uniformly spread
onto the SnO,/TNTs and not a continuous metallic film.

This phenomenon is expected since there is a high difference of surface energies between the metal
and the oxide.*’” A similar island-growth mechanism has been observed for Pt deposited by ALD
onto SnO, nanowires by Lin et al.*® The deposition of Pd is homogenous along the outer wall of
the SnO,/TNTs (Fig 6b). It indicates the deposition of the nanoparticles proceeds within the narrow
interstitial voids but these SEM observations give no evidence of Pd deposition inside the tubes. A
similar morphology has been reported previously for direct ALD of Pd onto TNTs.!* However
when the TNTs are covered by the SnO, film, the geometry of the palladium catalysts appear more
uniform.® It is well known that the nature of the substrate influences the ALD of metals. The ALD
of Pd on ZnO and AL, O; has, indeed, revealed that Pd grows faster on ZnO but a better uniformity
is observed on Al,0;.# TEM observations have been performed to investigate the Pd deposition
within the TNTs. Fig 7a shows a cross sectional view of a TiO, nanotube after successive
depositions of SnO, and Pd (Ns,0. =75 cycles and Npqg = 500 cycles). Similarly to Figure 3, the
SnO; layer appears in dark grey and coats the entire TNTs. Fig 7a demonstrates that the Pd particles
uniformly cover the inner walls of the SnO,/TNTs. The TEM top view (Figure 7b) confirms the
presence of the nanoparticles on both sides of the tube walls. The high-resolution view (Figure 7c¢)
reveals the atomic planes of the palladium catalysts and confirms therefore their crystalline
structure. The SAED achieved on Pd deposited onto annealed SnO,/TNTs is presented in
Figure 7d. The pattern is composed by numerous spots and rings. The diffuse rings are attributed
to a small amount of SnO,, the presence of intense spots on the rings can be attributed to larger
crystallite size. The other spots are attributed to the Pd and the anatase phase. The indexation of
the different phases is presented in Figure S6. All the main diffraction planes are visible for the
three phases and no preferential orientation is noticed.

It is well known that the growth of metallic particles can be affected by the chemical nature and
the crystalline structure of the support.’>>! The comparison of the ALD of Pd on bare and
SnO,-covered TNTs illustrates this effect. While an incubation delay (Npq = 400 cycles) is observed
when depositing Pd on bare TNTs,'¢ active particles are grown on SnO, for a lower number of ALD
cycles since an electroactivity is measured for Nps = 100 cycles (see Figure 9). This can be
explained by the action of the formaldehyde that reduces the SnO, during the second step of the
ALD cycle. The XPS measurements that have been performed on Pd/SnO,/TNTs before and after



electrochemical characterizations show indeed a modification of the chemical nature of the top
surface (Figure 8). The analysis of the Sn 3ds, peak, shown in Figure 8c, indicates the reduction of
the SnO, to metallic tin since contribution corresponding to the oxidation state O replaces the peak
attributed to the oxidation state +4 (a detailed analysis of the XPS plots is given below). As the
surface of the support is not an oxide but an ultrathin layer of metallic Sn, the nucleation of stable
Pd is facilitated. A slight effect of the thermal treatment performed prior to ALD of Pd is also
observed. After annealing, one observed the decrease of the particle diameter (e. g.: dpq varies from
10 to 6 nm for Nps = 600 cycles, see Figure S4) while the particle density (e. g.: npq varies from
6.3 10° to 14.2 10° particles per cm? for Nps = 600 cycles) is increased. It suggests that the Pd

nucleation proceed more easily on crystallized substrate.

XPS measurements were performed before and after the electrochemical measurements (EC),
on annealed Pd/SnO,/TNTs, in order to obtain a better insight into the surface chemical
composition of the samples. The analysis of the survey (Figure 8a) shows that, in sample before
electrochemical measurements, C, O, Sn and Pd were detected while no Ti was detected due to the
attenuation of its signal from the overlayers. The carbon contribution may be attributed to surface
contamination or residual carbon from the precursor.’> Additionally the O 1s peak is overlapped by
the Pd 3p;, making its interpretation rather not straightforward. The deconvoluted Pd 3d and
Sn 3ds, before the EC are shown in Figure 8b and 8c. The analysis of the Pd 3ds,, peak (Figure 8b)
reveals the existence of two peaks at 335.5 and 337.5 eV. One, located at the lower binding energy,
is attributed to palladium atoms in the metallic state while the one, at higher binding energy, is
characteristic of Pd* in PdO,.>* The ratio of relative intensities of the two components Pd®:Pd* is
93:7 showing that Pd is mainly in the metallic state. This is slightly different from the analysis of
Pd particles grown on TNTs where only metallic Pd has been observed. On the other hand, the
analysis of the Sn 3ds, XPS peak shows the existence of three components at 485.1, 486.1 and
487.2 eV attributed to Sn°, Sn?** and Sn**.5+%5 The relative intensities of the three components
Sn%Sn?*:Sn* are 75.0:12.4:12.6. The high amount of Sn° was not expected but it can be explained
by deposition method of Pd. During the ALD of Pd, the formalin, a reductive precursor, can reduce
the tin species at the surface from Sn* to Sn°. This phenomenon is different from what has been
previously observed on bare TNT surface.'® As predicted by the Ellingham diagram,> it indicates

that SnO; is less stable than TiO, toward the reduction by formalin. The metallic tin is essentially



localized at the top surface of the film, around 2 nm, which corresponds to the escape depth of the
photoelectrons during the XPS experiments. The SAED performed on the Pd/SnO,/TNTs have,
however, confirmed that the bulk material is composed by SnO, (Figure 7d).

After the electrochemical measurements, the analysis of the survey (Figure 8a”) shows that C,
Sn and Pd are still detected but the intensities are notably lower. After the EC, a significant amount
of potassium is detected on the surface as indicated by the K 2p peak around 293.4 eV. The
deconvolution of the Pd 3d peak (Figure 8b”) reveals that beyond the component at lower BEs
(Pd 3ds;: 335.1 eV) due to metallic Pd, two additional peaks are present at higher BEs (336 and
337.1 eV). These two peaks are attributed to palladium in the 2+ and 4+ oxidation states related to
PdO and PdO, and/or hydroxides.?’-® The relative intensities of the three components Pd:Pd**:Pd*
isnow 39.8:41.1:19.1. It is therefore evident that after the electrochemical measurements, oxidation
of palladium has taken place as well and around 60% of the detected signal is due to oxygenated
species. At this point we cannot exclude the formation of surface complexes that contains
potassium as well, the K 2ps, is detected around 293 .4 eV. In the literature, this binding energy is
reported for potassium atoms in ionic compounds and K/Pd.*" It is also well-known that all alkali
metals, including potassium, form oxopalladates (K,PdO,,).”® The formation of this complex could
explain the decrease of the signal from C, Sn and Pd. Further investigation is necessary to obtain a
better insight of the K-based surface species. The analysis of the Sn 3ds, shows the existence of

only one component at 487.2 eV, due to SnO,.>*

Electrocatalytic activity

Electrochemical response in KOH — Figure 9 shows cyclic voltammograms of Pd/SnO,/TNT
electrocatalysts and SnO,/TNT support without Pd in 1 M KOH. The current density of the bare
support is very low indicating, thus, no catalytic activity. The CVs of various Pd loads exhibit the
characteristic peaks of Pd oxidation (ca. —0.2 V) and reduction (ca. —0.25 V). The region of
hydrogen adsorption, absorption and desorption is visible at more negative potentials. The current
density (per geometric area) rises with increasing the number of ALD cycles up to 500 cycles and
then decreases because the coalescence of the Pd particles begins. It should be noted that in our
previous work carried out on Pd/TNTs, neither oxidation nor reduction peaks of Pd were observed
on CVs performed in 1 M KOH for NPd < 500 cycles.!* Conversely, SnO,-covered TNTs exhibit

an electrochemical response for a Pd loading as low as 100 ALD cycles. This confirms that stable



Pd nuclei are formed on such substrate at low Npy. As mentioned above, this can be ascribed to the
reduction of the SnO, to metallic tin at the top surface. The enhancement of the current response
can also be attributed to the high electronic conductivity of SnO, (here 103-102 Q cm while
Tighineanu et al.®* have reported 10*-10* Q cm for TNTs) that allows efficiently interconnect

highly dispersed Pd nanoparticles and to MSI interaction between Pd and SnO..

Ethanol electrooxidation on Pd/SnO,/TNT: effect of the annealing — In order to compare the
intrinsic electrocatalytic activity of Pd/SnO,/TNT samples, the current densities were normalized
with respect to the electrochemical surface area (ECSA) that is estimated using PdO reduction peak
in 0.5 M H,SO,, as reported previously.!®¢! The ECSA was measured on as-grown and annealed
SnO,/TNTs with different Pd loads and the values are plotted in Figure S5. It is found that the
ECSA increases with Npq and drops after reaching a maximum. Such evolution is measured for
both as-grown and annealed samples but the active area is significantly lower after annealing. This
is despite the lower particle size (ca. 2x lower) and the higher number of particles (ca. 2x higher),
observed for all samples after annealing.®*> This trend is rather unusual, because one would expect
the higher number of active surface atoms for the smaller particles in comparison to the larger ones.
Furthermore, Sun et al. showed that the crystalline SnO,_ after annealing increased the ECSA if
compared to amorphous SnO, in as-grown sample, however no morphological difference was
found on Pt particles.®® In the present case, the evolution of the ECSA seems to be solely related to
geometric considerations. Thus the expansion of the ECSA with Np; can be attributed to the
enlargement of the Pd particles (i. e. the rise of their geometric area) while the sudden decrease can
be ascribed to their coalescence. The observed decrease of ECSA after annealing could be related
to the interaction between SnO, and Pd nanoparticles leading to the partial coverage of Pd surface
by oxygenated species from SnO,. When Pd is supported on SnO, the electronic type MSI may
raise at the interface of the two solids due to the charge transfer from the support to Pd (from the
solid with lower work function (WF) to the solid with higher WF) and/or the higher availability of
hydroxyl ions from SnO, that adsorb on the catalyst surface leading to lower ECSA, however these
oxygenated species could have a promotional effect on ethanol electrooxidation.>

Figure 10 shows the CVs of as-grown and annealed SnO,/TNT with 500 ALD cycles Pd in 1 M
KOH + 1 M C,HsOH. The current density is higher for Pd deposited on the annealed support in the

whole range of the anodic potential. The current density increases until it reaches a maximum at



0.251 and 0.275 V for as-grown and the annealed samples, respectively. The decrease of the current
density is due to the surface palladium oxide formation,** which is not active for ethanol
electrooxidation. On the reverse scan, the Pd activity is recovered at —0.19 and —0.24 V for as-
grown and the annealed samples, respectively, due to PdO, reduction to metallic Pd. The current
density is much higher for Pd grown on annealed SnO,/TNT and the onset potential is shifted
negatively,—0.5 and —0.6 V for Pd deposited on as-grown and annealed supports, respectively. The
increasing of the catalytic activity can be attributed to several factors: the increased conductivity
of both oxides (SnO,/TiO,) after annealing and MSI effect.®> Chen et al. have demonstrated an
easier CO oxidation on crystalline Pt/SnO,, suggesting a stronger interaction between Pt and
crystalline SnO, than between Pt and amorphous SnO, support.®> As shown previously,'¢ the Pd
particles deposited on annealed TNTs support exhibited a higher catalytic activity for ethanol
electrooxidation reaction (as seen thereinafter, in Figure 13a, the maximum current ratio is higher

than 4).

Ethanol electrooxidation on annealed Pd/SnO,/TNT : effect of the Pd charge — Figure 11a
shows the linear sweep voltammetry (LSV) of the annealed SnO,/TNT with different amount of
Pd (Npq = 300, 400, 500, 600, 800 cycles) in the ethanol containing electrolyte. The current density
for ethanol electrooxidation increased with the number of ALD cycles up to 500 cycles and then
the decrease occurred. This is illustrated in Figure 11b where the current density at —0.2 V is plotted
against the Npq. This evolution indicates that from 300 to 500 ALD cycles the amount of available
active sites for ethanol electrooxidation increases with the number of ALD cycles while at higher
number of cycles, the increase of the particles size and the particle coalescence reduce the catalytic
activity. Moreover, the MSI effect between Pd and SnO, may weaken as the particles become larger
thus contributing to the decrease in the rate of electrooxidation.5

A similar behaviour was reported in a previous work, where the catalytic activity of 500 cycles of
Pd deposited on TNTs was the highest. Chronoamperograms at —-0.2 V for various loading of Pd
interfaced with annealed SnO,/TNT are presented on the Figure 12. The initial current density and
the order of activities are in agreement with LSV results. For the samples with 300 and 800 cycles
of Pd, the current density is low at the beginning 0.23 and 0.07 mA cm™, respectively. Then it
decreases quickly until it reaches a steady-state at 0.16 and 0.05 mA cm, respectively. For the

samples with 400, 500, 600 cycles the current density is higher at the beginning 0.35, 0.40 and



0.27 mA cm, respectively and continuously decreases without reaching a steady state after 1 h.
The current percentage loss (without double layer correction) is 32, 50, 55, 45 and 34% for 300,
400, 500, 600 and 800 cycles of Pd, respectively. The current decrease is attributed to Pd oxide and
oxopalladate formation as found from XPS analysis on the catalyst after electrochemical

measurements (Fig. 8).

Ethanol electrooxidation: effect of the chemical nature and the crystalline structure of the
support — Figure 13a compares the effect of the chemical nature of the support and the annealing
for 500 cycles Pd/SnO,/TNT catalyst. In order to compare the present results with literature, the Pd
load (i. e., the mass of Pd, mpq4, per area unit) has been estimated from the ECSA and the dpy. The
LSVs of Pd deposited on as-grown TNTs, annealed TNTs, as-grown SnO,/TNTs and annealed
SnO,/TNTs show that annealing and addition of SnO, interlayer enhance the ethanol
electrooxidation. The positive effect of the support annealing has already been shown on bare
TNTs'® and is further confirmed in this work for SnO,-covered TNTs. Since the morphology of the
structured support is not significantly modified after the deposition of the thin SnO, layer
(Nswo. = 75 cycles), the evolution of the electrochemical response can not be attributed to geometric
considerations. The LSVs of the as-grown TNTs and SnO,/TNTs catalysts with 500 cycles Pd
clearly show that addition of SnO, interlayer increases the current density of ethanol
electrooxidation. The current density is significantly higher for Pd on SnO,/TNTs than for Pd/TNTs
and the onset potential is shifted negatively from —0.26 to —0.45 V for as-grown TNTs and
SnO,/TNTs, respectively.

This is in line with previous reports for Pt and Pd catalysts where SnO, showed strong
contribution towards the improved catalytic activity of the metal.®¢” For instance, Ruiz et al.%> have
shown that Pt-SnO,-C has higher activity for methanol electrooxidation as compared to Pt-TiO,-C.
The high catalytic activity was attributed to the smaller Pt particle size obtained on SnO,-C support.
Moreover, Kim et al. have proposed a mechanism in which SnO, facilitates the oxidative removal
of the intermediates residues on Pt for alcohol electrooxidation.%® The addition of Sn species on Pt
modifies its electronic environment by influencing the electron affinities of the surface Pt atoms
and produces surface oxygenated species which can act as an oxidant source, thereby increasing
stability through efficient oxidation of surface poisoning species. An et al. have reported that the

catalytic activity of Pd has been enhanced by SnO, addition on TiO,—~MWCT for ethanol and



methanol electrooxidation.”® This improvement is due to better particles dispersion and
improvement of the resistance level to CO poisoning for methanol electrooxidation due to the
increase of the concentration of OH,q species on the Pd surface, which promotes the oxidation of
acetaldehyde thus releasing active sites for the reaction.?

This effect is also visible by comparing annealed SnO,/TNTs with annealed TNTs. The current
density is further increased for annealed SnO,/TNT support. Furthermore, Figure 13b shows a
comparison of the current density obtained for 500 cycles of Pd on different supports at —0.2 V. As
can be seen, the highest current density is obtained for annealed SnO,/TNT with 500 cycles of Pd
due to the increased conductivity of both oxides (SnO,/Ti0O,) after annealing, and to the metal-
support interaction between Pd and SnO,. The size of Pd clusters is smaller when grown on
annealed SnO, (for Nps = 600 cycles, dps = 10 nm and dpg= 6 nm for as-grown and annealed
SnO,/TiO, respectively). The smaller Pd particles may result in the stronger MSI effect. The MSI
effect occurs at the interface of the two solids with different work function (WF): 5.2-5.6 and
4.6 eV for Pd and SnQO,, respectively.® The difference in WF will result in the charge transfer from
the solid with lower WF to the solid with the higher one. The modification of electronic properties
of Pd due to the charge transfer from the support and higher availability of oxygenated species or
hydroxyl ions (OH") from SnO, to Pd, results in the higher catalytic activity of Pd/SnO,/TNT.

Figure 14 compares of the activity of the best result of the present study (i. e. Pd/SnO,/TNTs,
Npq =500 cycles after annealing) with similar systems reported in literature. The Pd particles are
grown by various methods (electrochemical deposition, electrochemical deposition and milling,
chemical deposition or ALD) on TNTs, carbon black, or multiwall CNTs. In some cases, the
substrates are covered by SnO,. Note that the experimental conditions (i. e. electrolyte composition
and scanning rate, see Figure S7) are not exactly identical in all cases but sufficiently closed to be
compared. Although the conditions are not advantageous for the present study, the measured
activity is very closed to the best reported in literature.”” The current density as well as the potential
of the forward peak are better than on bare TNTs.! The comparison also suggests that SnO, seems
to be a more efficient substrate to promote the electroactivity of Pd nanoparticles toward ethanol

oxidation.



CONCLUSION

In this work, it has been shown that ALD was successfully used to functionalize TNTs with SnO,
layer and Pd nanoparticles for ethanol electrooxidation. The depositions of both SnO, and Pd, are
fully controlled and perfectly conformal onto the TNTs. The ALD of Pd on SnO, covered TNTs is
facilitated because the top surface is reduced to metallic tin during the deposition of the particles.
This synthesis method allows comparing the catalytic activity of Pd nanoparticles toward ethanol
electrooxidation on different supports with no significant modification of the three-dimensional
geometry. First, the modification of the chemical nature of the support has been investigated by the
ALD of SnO, as an interlayer in between TNTs and Pd. The comparison between SnO, and TiO,
surface has revealed that the SnO, has a promotional effect on Pd catalytic activity for ethanol
electrooxidation. The positive impact of the addition of Sn species on Pd catalyst is well known
and it is confirmed in this study. This fact can be attributed to several effects (i) the SnO, layer can
facilitate the OH adsorption, (ii) the SnO, extreme surface is reduced to metallic Sn during ALD
of Pd which favour the Pd growth and thereby the adsorption and the oxidation of ethanol are
accelerated and (iii) MSI between Pd and SnO,. Second, the influence of the crystalline structure
of the support has been studied. The annealing of the support improves the electrocatalytic
properties of Pd. According to this result the promoting effect can be attributed to several aspects:
(1) the increased conductivity of the support by the annealing and (ii) MSI effect. The effect of the
charge of Pd had also been investigated by varying the number of Pd ALD cycles. The best catalytic
activity has been obtained for 500 ALD cycles on annealed SnO,/TNTs. The electrochemical
characterizations on such Pd/SnO,/TNTs systems have evidenced a high current density and low
onset potential compared to literature and commercial catalyst. In future studies, it would be
interesting to investigate the catalytic properties of Pd deposited on SnO, nanotubes without TiO,
and to investigate the potential effect of the deposition of a thin protective layer to stabilize the Pd
activity for long term use. A recent study has shown that ALD of SnO, can be used on nanoparticles

to enhance Pt catalytic durability for fuel cell application.”!
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Schematic view of the process. (a) Anodic growth of the TiO, nanotubes, (b)

Figure 1

ALD of SnO, and (¢) ALD of Pd.



Figure 2: SEM top views of TiO, nanotubes covered by a thin SnO, layer. The number

of ALD cycles (Nsy0.) is increasing from 0 (a), 20 (b), 50 (c), 100 (d) to 150 cycles (e).



Figure 3: TEM cross sections of the opening (a) and the bottom (b) of TNTs after ALD
of SnO; (a). The scale bar in (b) corresponds to 20 nm.
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Figure 4: X-ray diffractograms of SnO,-coated TNTs before (bottom) and after (top)

annealing at 450°C
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Figure 5: Sn 3d (a) and O 1s (b) XPS peaks of SnO,-coated TNTSs (Ns,0:. = 50 cycles)



Figure 6: SEM images of SnO,/TNTs after ALD of Pd (Npq = 600 cycles): (a) top view

and (b) side view. The scale bar in (b) corresponds to 50 nm.
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Figure 7: TEM images of SnO,/TNTs annealed after ALD of Pd (Npq = 500 cycles):

(a) cross section of a single nanotube, (b) top view of several nanotubes, (c) high-
magnification of Pd particles on a tube wall and (d) SAED corresponding to the area
shown in (b). The various materials are artificially colored in (c) for seek of clarity and

the three red lines highlight the Pd crystal rows.
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Figure 8: Comparison of the chemical composition of the surface before (a,b,c) and
after (a”,b",c”) electrochemical investigations performed on annealed Pd/SnO,/TNTs.

XPS survey (a,a”), Pd 3d peak (b,b”) and Sn 3d peak (c.c”).
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Figure 9: CVs of as-grown SnO,/TNTs after ALD of Pd for Np.= 0, 100, 300, 500 and
800 cycles. The electrolyte is 1 M KOH and the scan rate is 25 mV s,
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Figure 10: Cyclic voltametry of as-grown (red line) and annealed (blue line)
SnO,/TNTs after 500 Pd cycles. The electrolyte is 1 M KOH + 1 M C,HsOH and the

scan rate is 25 mV s'.
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Figure 11: (a) Forward scans and (b) current density measured at —0.2 V for annealed
SnO,/TNTs after ALD of Pd for Nps =300, 400, 500, 600 and 800 cycles. The
electrolyte is 1 M KOH + 1 M C,HsOH and the scan rate is 25 mV s’.
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Figure 12: Chronoamperograms of annealed Pd/SnO,/TNTs catalysts with different

amount of deposited Pd, as indicated in the figure, at 0.2V in 1M KOH + 1 M
C,HsOH.
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Figure 13: (a) Linear sweep voltammetry and (b) current density measured at -0.2 V
for 500 cycles of Pd on as-grown TNTs, annealed TNTs, as-grown SnO,/TNTs and
annealed SnO,/TNTs. The electrolyte is 1 M KOH + 1 M C,HsOH and the scan rate is
25 mV s,
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Figure 14: Comparison of the forward ethanol electrooxidation peak current and
potential on Pd catalysts deposited on various types of substrates. The CVs are
performed in alkaline media containing ethanol with a scanning rate ranging from 5 to
50 mV s! (see detailed information in Figure S7). Pd/TNT<,”? Pd/TNT?,° Pd/TNT¢,'¢
Pd/C commercial?, Pd/C ALD<47” Pd/C polyol method:,* Pd/MWCNT,
Pd/SnO,/ MWCNT/, Pd/TiO/MWCNT, Pd/TiO,+SnO,/MWCNT.73



TOC Graphic

P
‘a...‘c.‘a.f. ‘.9. ..0. ;
‘-‘a‘ao ¥-.

2D ol
, 5 =




