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Abstract. We have not only analyzed the performance of perovskite oxides as support media for
the methanol oxidation reaction (MOR) but also examined the impact and significance of various
reaction parameters on their synthesis. Specifically, we have generated (a) La,NiMnOg,
LaMnO;, and LaNiO; nanocubes with average sizes of ~200 nm, in addition to a series of
La;NiMnOg (b) nanocubes possessing average sizes of ~70 and 400 nm and (¢) anisotropic
nanorods characterized by average diameters of 40-50 nm. All of these samples, when used as
supports for Pt nanoparticles, exhibited activities which were at least twice that measured for
Pt/C. We have investigated and correlated the effect of varying perovskite (i) composition, (ii)
size, and (ii1) morphology upon the measured MOR activity. (i) The Ni-containing perovskites
yielded generally higher performance metrics than that of LaMnOj; alone, suggesting that the
presence of Ni is favorable for MOR, a finding supported by a shift in the Pt d-band in XPS. (i)
MOR activity is enhanced as the perovskite size increases in magnitude, suggesting that a growth
in the perovskite particle size enables favorable, synergistic metal-support interactions. (iii) A
comparison of the nanorods and nanocubes of a similar diameter implied that the one-
dimensional morphology achieved a greater activity, a finding which can be attributed not only
to the anisotropic structure but also to a desirable surface structure. Overall, these data yield key
insights into the tuning of metal-support interactions via rational control over the composition,

size, and morphology of the underlying catalyst support.
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Introduction

Precious metal electrocatalysts for both small organic molecule (SOM) oxidation and
oxygen reduction are typically deposited onto an underlying support, which is intended to
increase precious metal utilization. Support materials not only provide a substrate for the catalyst
particles but also simultaneously decrease catalyst particle aggregation and slow ripening
processes during electrochemical operation.! As a class of materials, metal oxides, such as but
not limited to TiO,,2% RuO,,”® and WO;,>!1? represent viable alternatives to standard carbon
black as supports, due to their increased chemical and electrochemical stability at high potential
in acidic media and favorable, synergistic interactions with the coated electrocatalysts.!> More
importantly, the surfaces of metal oxides can facilitate the oxidation and removal of partially
oxidized intermediates, such as CO from Pt catalysts, by providing for oxide and hydroxide
species at the catalytic interface and facilitating the transport of protons and hydroxide in
aqueous conditions.!'* Metal oxides can act as a co-catalyst through beneficial interactions with
the overlying metal; these are defined in the context of strong metal-support interactions (SMSI).
The SMSI effect can be manifested through either charge transfer between the support and
catalyst, a change in lattice parameter of the catalyst itself, or a combination of both factors.!>-17

To take this idea one step further, we have examined complex metal oxides, such as
perovskites, as catalyst supports. Perovskite metal oxides possess the general formula of ABOs,
wherein A represents a larger cation and B is a smaller cation. By analogy with binary metal
oxides, perovskites can be electronically conductive, maintain good stability, and possess very
good proton transport properties; moreover, their surfaces are protonated under acidic conditions,

thereby rendering them as excellent candidates for support materials for MOR under highly
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acidic environments.'®1° Furthermore, the chemical composition of ternary ABO3; materials can
be tuned so as to optimize their performance.

In general, altering the chemical identity of both the A and B site metals within
perovskites characterized by the general formula of ABO; can impact upon their observed
catalytic activity. In particular, the A site metal has been previously shown to influence several
important properties of perovskites, including their electroconductivity and surface adsorption
properties, which are relevant to predicting their electrocatalytic performance.!-?° For example,
catalytic performance was noted to be highly dependent upon the identity of the metal in the A
site within AMnQO3;, with the measured MOR activity increasing as follows: A =Dy < Sm <Pr <
Y < La.?! In addition, changing the B site metal can also impact upon the observed MOR
activity. Specifically, the presence of Mn was shown to yield improved activities as compared
with Co and Fe, when incorporated as the B site of LaBOs.22 Moreover, the oxidation states of
the constituent metals are also significant determinants of electrocatalytic activity, because the
sum of the overall charges associated with the metal cations and oxygen anions may be non-zero,
such that either an oxygen deficiency or a corresponding oxygen excess may arise.>

Perovskites exhibit multiple complementary functionalities as both active catalysts and
support media. For instance, one study investigated a series of rare earth perovskites, including
La;  Mn; O35, Laj«Fe;.yOs5, La; «CriyOs.5, La;(Ni1;,O35, (La, Sr);Fe; O35, and La; «(Fe,
Ca);,O35 (x> 0.0, y <0.2), in terms of their applicability as electrocatalysts for direct methanol
fuel cells.?* Out of these perovskites, both La; Mn; ,Os_s and La, (\Fe; O3 evinced good
stability; furthermore, the latter species yielded comparable electrocatalytic activity to that of
Pt/C. As a second example, SrFeO; nanoparticles, when used as supports for Pt nanoparticles,

achieved specific activities for MOR which were nearly five times higher than those obtained for
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Pt nanoparticles.”> Moreover, these SrFeOs-based catalysts gave rise to improved stabilities,
attributable to their higher tolerance to CO poisoning. As a third instance, LaNiO; nanocubes are
also known as viable catalyst supports.?® Specifically, Pt/LaNiOz nanocube catalysts yielded not
only a negative onset shift of 0.1 and 0.23 V but also superior stability as compared with Pt/C
and unsupported Pt, respectively. Moreover, LaNiO;-supported catalysts achieved 3-fold greater
mass activities and 2-fold higher specific activities in acidic media as compared with Pt/C.
Overall, when used as supports, perovskite metal oxides evinced increases in both activity and
stability, especially as compared with either bare or carbon-supported Pt catalysts.

While prior studies have demonstrated that the specific chemical composition of the
support material yielded a considerable impact on MOR activity, the size and shape of the
underlying metal oxide support are also important factors. For example, our group initially
showed that the size of the support materials played a significant role in terms of the measured
activity with smaller particles yielding higher activity.?’ Specifically, we found that for both
SrTiO; (STO)/Pt and SrRuO; (SRO)/Pt catalysts probed at 0.55 V vs. RHE, the smaller particles
(i.e., ~40 nm) gave rise to appreciably greater activities as compared with the larger particles
(>100 nm), with all other parameters adequately controlled and taken into consideration. This
size-dependent difference in activity was likely caused by a change in surface area, with smaller
particles evincing larger active exposed surface areas.

To reinforce the importance of shape, in a complementary study, we analyzed the
structure-dependent MOR activity of SRO by comparing the activity of faceted octahedra versus
that of rounded nanoparticles, possessing similar sizes.?® The well-defined faceted octahedra

achieved mass activities that were nearly four times greater than that of rounded particles. This
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increase in activity was again attributed to the higher exposed surface area of the octahedra,
which was ~4 times greater than that of the rounded nanoparticles.

Other groups have also reported on the crucial role of morphology in dictating MOR
performance. As an example, studies have compared the activities of MnO, urchin-like structures
composed of constituent nanorods versus that of MnO, microcubes within the context of
Pt/MnO,/C composites.?’ The urchin-like nanostructures achieved both a higher activity and an
improved stability for MOR as compared with that of the corresponding microcubes. To account
for this finding, in addition to surface area considerations, the greater activity of the nanorods
could be attributed to their tendency to provide for active interfaces between the Pt, the metal
oxide, and the surrounding electrolyte, so as to enable better adsorption of oxidizing species,
which could favorably oxidize poisoning species and thereby increase the observed stability.

Nevertheless, whereas conventional ABO; perovskites have certainly shown promise as
catalyst support materials for MOR, little to no work has yet to be reported on the use of double
perovskites (with the structure of A,BB’Og) as supports. The majority of work concerning
double perovskites has focused on their structural and magnetic properties,3%-33 as well as their
potential applicability as catalysts for the oxygen evolution and oxygen reduction reactions
(OER/ORR).34-38 By analogy with single perovskites, double perovskites display excellent
chemical stability, are electronically conductive, and should possess the ability to form hydroxyl
groups on their external surface. Moreover, the A;BB’O¢ formula allows for the potential for
even more complex compositional tuning (including the formation of mixed valence states),
which can be beneficial in developing a novel class of state-of-the-art supports. Additionally,
double perovskites can maintain higher amounts of oxygen defects than their single perovskite

analogues,® a finding which can potentially increase their activity. One such example, which is
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suggestive of the promising potential of double perovskites in yielding higher MOR
performance, involves the use of LaMn;_,Ni,O3 perovskites for the catalytic oxidation of ethanol.
In effect, LaMn,_Ni, O3 gave rise to increased activities as compared with either LaMnO; or
LaNiO; alone,* a finding attributable to the partial substitution of Mn with Ni within LaMnO;
and associated with the presence of favorable Ni-O-Mn interactions.

Although considerable work has been performed on single perovskites in the prior
literature, there has been comparably less effort devoted to exploring double perovskites as
catalyst supports for MOR. As such, herein, we examine the influence of morphology, particle
size, and composition of double perovskite supports on the resulting catalytic activity toward
MOR. In addition, we also compare the MOR performance of double perovskites to single
perovskites to reinforce the intrinsic catalytic benefits of the double perovskite structure.
Specifically, we have synthesized LaMnO; (LMO), LaNiO; (LNO), and La,NiMnOg (LNMO),
possessing discrete morphologies. The double perovskite structure offers several advantages that
can facilitate their performance toward small organic molecule oxidation. For example, the
precise combination of metals within the double perovskite will promote a higher mixture of
valence states as compared with the single perovskite analogues alone,*'-*> which can be utilized
to rationally tune for enhanced activity toward SOM oxidation. Moreover, we will also probe the
effects of size and morphology of the double perovskite supports on MOR performance.

To generate the targeted La,NiMnOjg perovskites with defined morphologies, we
considered lessons learned from the prior literature. Specifically, various synthetic methods have
already been used to generate double perovskites, such as but not limited to sol-gel,>* 4445 molten
salt,**-48 and hydrothermal protocols.* Though the sol-gel technique is commonly used in the

literature for the synthesis of double perovskites, this technique often lacks proper control over
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morphology, and yields poorly-defined nanoparticles. Similarly, nanoparticles generated with the
molten salt synthesis method often tend to produce polydisperse particles in terms of both size
and shape. By contrast, uniform nanowires possessing diameters around 200 nm have been
reported for Y,NiMnOg, using a two-step hydrothermal method.*® A relatively minor variation
on the hydrothermal method has been utilized to synthesize LNMO and LaCoO; porous
nanocubes with edge lengths ranging from 200-400 nm.26- 30-31

Considering this prior successful precedent in generating single perovskites with
homogeneous size, shape, and morphology, we selected the hydrothermal methodology as an
appropriate means of producing our desired family of single and double perovskites,
characterized by a discrete morphology. Moreover, by rationally controlling reaction variables
(including the nature of the reagents and additives used) within the hydrothermal method, we can
correspondingly control the morphology of the perovskite supports. In this regard, we have
reported on the successful fabrication of not only LNO, LMO, and LNMO nanocubes but also
LNMO nanorods. In particular, we synthesized a series of (a) nanocubes of single and double
perovskites, characterized by average diameters of ~200 nm, (b) additional double perovskite
morphologies, measuring ~400 and 70 nm in diameter, and (c) LNMO nanorods with average
diameters of ~50 nm. These findings were confirmed by both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). We also used energy dispersive X-ray
spectroscopy (EDS) and powder X-ray diffraction (XRD) to probe not only elemental
composition but also the crystallinity of as-prepared perovskites.

Pt nanoparticles were subsequently deposited onto the external surfaces of these different
perovskites to assess the electrocatalytic MOR performance of the resulting heterostructures. By

comparison with the Pt/C standard, our as-prepared double perovskites yielded significantly
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higher MOR activity with more than a 2-fold increase in activity as compared with Pt/C alone.
Specifically, cyclic voltammetry data and trends in MOR performance suggest that the activity
enhancement arises from a bifunctional effect involving the oxide surface.

We probed the discrete effects of varying composition, morphology, and particle size of
the perovskite supports upon the resulting MOR performance. With respect to composition, X-
ray photoelectron spectroscopy (XPS) results reveal that the addition of Ni to LNMO supports
leads to a measurable shift in the Pt d-band to higher energies. This distinctive effect arising
from favorable SMSI interactions within LNMO enabled a significant enhancement in MOR
performance over the entire onset region, owing to the strong adsorption of oxygen species on Pt.

Regarding particle size, we examined the behavior of LNMO NCs with sizes spanning a
range from 70 nm to 400 nm. These results reveal that catalytic activity increased by a factor of
1.5-fold with increasing particle size. Concerning morphology, we observed a similar 1.5-fold
increase in MOR activity, when the particle architecture evolved from that of a symmetric cube
to an anisotropic ‘rod-like’ motif. Our collective data highlight that particle size and morphology
can have significant impacts upon key factors such as crystallinity, surface structure, oxygen
vacancies, and surface termination. Although it is difficult to pin-point a single factor that can
fully explain the trends in size and morphology, these results suggest that the higher degrees of
crystallinity and surface order afforded by the larger particles and by the presence of anisotropic

morphologies are conducive to improvements in MOR performance.

Results and Discussion
As a generalized protocol, all of the perovskite nanostructures were synthesized using a

two-step procedure, wherein (i) an intermediate was generated by a hydrothermal reaction
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followed by (i1) an annealing step to obtain the desired crystalline perovskite. For the synthesis
of the perovskite nanocubes, we utilized a reasonably facile hydrothermal procedure, which has
been previously utilized for the generation of LNO and LaCoO; perovskite nanocubes.?% 30-33
This protocol was modified for our synthesis of LMO and LNMO nanocubes. In particular, we
discovered that the synthesis of our Mn-based perovskite nanocubes requires a larger quantity of
glycine and a higher pH, as compared with that used to generate LNO. In addition, we adapted
another earlier reported hydrothermal method for the synthesis of Y,NiMnOg nanorods to
produce our desired LNMO nanorods, wherein the reported yttrium precursors were replaced
with the more relevant lanthanum precursors used herein.*

Figure 1 depicts the powder XRD patterns of perovskite nanostructures, characterized by
a thombohedral structure, and these correspond well with what has been reported in the
literature.>+3% Specifically, the peaks at 20 values of 23, 33, 40, 47, 53, and 58° correlate with the
(012), (110) / (104), (202), (024), (116), and (214) planes, respectively, for all perovskites.
Furthermore, the morphology of each perovskite structure was observed by both SEM and TEM,
as highlighted in Figure 2 and summarized in Table 1. The porous nature of the perovskite
nanocubes themselves is especially evident in the TEM images. The porous structure
significantly increases the specific surface area of the particles, which is expected to be
advantageous for their use as catalyst supports. The average edge lengths for the LNMO-8.7,
LNMO-8.9, LNMO-9.3, LMO, and LNO NCs were measured to be 430 = 113 nm, 181 + 50 nm,
76 =21 nm, 191 + 41 nm, and 245 + 60 nm, respectively. Additionally, the LNMO NRs
possessed average diameters of 43 = 8 nm. The d-spacings obtained from the HRTEM images

(Figures 2C, G, K and 3C, G, K) correspond with the expected (110) / (104) planes for all
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perovskites. Selected area electron diffraction (SAED) patterns (Figures 2D, H, L and 3D, H, L)
further confirm the crystallinity and structure of our as-prepared perovskite nanostructures.

Energy dispersive X-ray spectroscopy mapping images, as shown in Figure 4 and Figure
S1, suggest that all elements are evenly dispersed throughout our LNMO NC, LNO NC, LMO
NC, and LNMO NR samples. This finding is consistent with the XRD data and further confirms
that we have achieved the desired chemical compositions at a homogeneous, uniform level
within our as-prepared materials with neither crystalline or amorphous impurities apparent. In
addition, quantitative SEM-EDS data (Figure S2) were collected for the LNMO-8.7 NCs,
LNMO-8.9 NCs, LNMO-9.3 NCs, and LNMO NRs, all of which imply an elemental ratio
associated with Mn: Ni of ~1: 1, in accordance with the expected stoichiometry for LNMO.

The surface areas of the various perovskite nanostructures are provided in Table 1 and
were found to increase in the following order: LNMO-8.7 NCs < LNMO-8.9 NCs < LMO NCs <
LNO NCs < LNMO NRs < LNMO-9.3 NCs. As expected, the LNMO-8.9 NCs, which possess
the largest size, yielded the smallest surface area, whereas the LNMO-9.3 NCs, characterized by
the smallest size, gave rise to the largest exposed surface area. In addition, the LNMO-8.9 NC,
LMO NC, and LNO NC samples all appeared to maintain comparable surface areas, which is not
surprising given their similar sizes and morphologies.

(A). Role of Reaction Parameters in the Synthesis of Nanocubes.

To form perovskite nanocubes (NCs), glycine and PVP were utilized as surfactants
during the first step in terms of generating a reasonable intermediate species, as per prior
protocols in this area. Specifically, glycine is used, because of its ability to act as both a chelating
and a pore-forming agent which are essential towards enabling the formation of porous

nanocubes. In addition, the function of PVP is as a surface stabilizing agent, aiding in the
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production of colloidal nanostructures.?%37-38 XRD patterns of these as-prepared perovskites
showed that La,O; impurities also formed under these conditions. However, this extraneous
material could be removed by washing with acetic acid (Figure S3A). It should be noted that a
far more dilute acetic acid solution was used to wash the LNO samples in order to prevent
sample dissolution. Nevertheless, SEM images of the LNMO-8.9, LMO, and LNO NC samples,
prior to treatment with acetic acid, indicate that this ‘cleaning’ procedure is not destructive to the
morphology, as shown in Figures S3B-D. Herein, all samples have been treated with acetic acid,
unless otherwise stated.

In terms of general observations, as alluded to in the full and detailed Experimental
section presented in the Supporting Information, in the synthesis of the perovskite nanocubes, the
metal nitrate precursors are dissolved in water, thereby forming a six-coordinated complex with
water.’® Ammonia as a highly basic medium is used to control the pH of the reaction medium,
which is important in terms of promoting the de-protonation of glycine and enabling the latter’s
coordination with the metal ions, thereby resulting in a metal-glycine complex. Therefore,
finding the right ratio and balance of metal-to-glycine content is essential, because enough
glycine must be present to fully coordinate with the metal complex. As such, the pH of the
solution is important, because sufficient base is needed to react with glycine. The precise amount
of base needed depended on the desired perovskite to be synthesized. Nevertheless, if the pH
were to be too high, then the metals may potentially complex with the hydroxide ions (formed in
situ) instead.’® Additionally, PVP was used as another surfactant to further control the size and
corresponding dispersion of the perovskite nanocubes. In order to fully understand the individual
roles of the reactants, we have systematically altered the reaction variables/conditions and

correlated these discrete parameters with changes in the resulting products.
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Role of PVP: The role of PVP was investigated to determine its role in the reaction. XRD
patterns indicate that pure LNMO is obtained, regardless of the amount of PVP used, as shown in
Figure S4A. Moreover, it was observed that the precise amount of PVP had little to no apparent
effect upon either morphology or size. For example, nanocubes with average sizes of 207 + 16
nm, 181 + 50 nm, and 264 + 28 nm were formed when using 0, 300, and 600 mg of PVP,
respectively, as shown in Figures S4B-D. For all of the samples discussed hereafter, we used 300
mg of PVP as a constant, during the synthesis process.

Role of Glycine: In accordance with previous reported procedures,?% 32 LNO was successfully

synthesized by using 4 mmol of glycine. However, for LNMO and LMO samples, we discovered
that 4 mmol of glycine was insufficient in terms of generating the desired perovskite nanocubes.
Therefore, in the case of LNMO, we systematically varied the amount of glycine from 0 mmol to
12 mmol, while keeping the pH constant at 8.9. In order to better understand the formation
process and elucidate the effect of glycine, the as-prepared samples discussed within this section
were not treated with acetic acid, so as to eliminate any interpretative confusion.

XRD patterns of the LNMO samples prepared with different amounts of glycine are
shown in Figure S5A. These results indicate that when the glycine content is between 0 and 5
mmol, LNMO forms with a significant amount of impurities, which can likely be attributed to
La,0; and La(OH);. The amount of impurities significantly decreases when using 6 mmol of
glycine, and are almost entirely removed at 7 mmol. Interestingly, the peaks attributed to La,0O;
impurities intensify, when the amount of glycine is further increased to 8§ and 12 mmol.

To ascertain the effect of glycine upon morphology, SEM images of the different samples
were collected, as shown in Figures S5B-H. In the complete absence of glycine, spindles of

La,0; and/or La(OH); impurities were produced with lengths of ~ 2 um and diameters of ~250
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nm. At relatively low amounts (up to 6 mmol) of glycine, irregular, polydisperse, micron-sized
particles (primarily spheres) were generated. In fact, recognizably uniform nanocubes were not
formed until 7 mmol of glycine was used, wherein the isolated sample consisted of nanocubes
with average sizes of ~200 nm. Further increasing the amount of glycine content to 12 mmol still
achieved the formation of nanocubes, but these were notably larger with a broader product size
distribution. Hence, with these combined SEM and XRD results, we can assert that the amount
of glycine is a key determinant of both the chemical composition and morphology of as-prepared
LNMO. Based on these collective runs, 7 mmol was found to be the optimal quantity of glycine
for the synthesis of LNMO NCs as the predominant, monodisperse motif, with little to no
morphological or compositional impurities.

Similar results were observed in the context of the synthesis of LMO, as shown in Figure
S6. At 4 mmol, there is a significant amount of La,O3 impurities along with the formation of
micron-scale spheres and spindles. At 8 mmol, the isolated sample was primarily characterized
by nanocubes with average sizes of ~250 nm. Therefore, on the basis of these experiments, we
chose 8 mmol as the optimal amount of glycine required for the production of LMO NCs.

It is clear that a larger amount of glycine is necessary to induce the formation of Mn-
containing perovskites as compared with LNO alone. This requirement of having to achieve a
sufficiently high enough, ‘threshold’ amount of glycine can likely be attributed to the lower
stability of the Mn-based-glycine complex, as compared with either analogous Ni- or La-based-
glycine complexes.”® At insufficiently low glycine levels, the necessary precursor metal-glycine
complexes either do not materialize at all or are unstable. Nevertheless, as we noted, an excess of
glycine may result in competing polymerization processes, which may lead to a higher degree of

polydispersity, denoting a less desirable outcome. Moreover, it should be noted that glycine
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likely combusts and decomposes during the annealing step and can therefore function as a
‘catalyst’ with which to promote the synthesis of the desired perovskites at a relatively lower
annealing temperature than otherwise would have been possible.®%-¢! Not surprisingly, this
assertion may further explain the fairly reduced yield of perovskites in the presence of
comparatively low amounts of glycine. We summarize our findings in the SI section.

Role of pH: For all perovskites studied herein, we noticed that the exact magnitude of pH used
was a significant determinant of particle size, thereby indicating that the synthesis process was
particularly pH sensitive. In particular, we found that LNMO and LMO both necessitated a
higher pH to promote purity and growth, as compared with LNO.

For LNMO, the pH was varied between 8.2 and 9.3. XRD patterns (Figure 5A) of the
samples, synthesized under different pH values, all were consistent with the generation of pure
LNMO. Moreover, as shown in Figures 5B-J, nanocubes were formed at all of these pH
readings. However, the apparent size was inversely proportional (albeit nonlinearly) to pH. A
similar set of findings characterized our experimental results with LMO and LNO, as shown in
Figures S7 and S8, respectively. From the prior literature, a comparable conclusion was noted for
LaCoOs; nanocubes, that had been generated under a similar synthesis procedure.’® Furthermore,
it should be remarked that for all perovskite systems studied herein, the presence of a nanocube
morphology is less apparent at higher pH, a finding which may be related with the associated
smaller sizes detected. This scenario was especially notable for LMO synthesized with a pH of
9.3 and LNO produced at a pH of 7.8, whereby particles, lacking a well-defined cubic
morphology but characterized by average sizes of 28 + 4 and 52 £+ 12 nm, respectively, were
observed. By contrast, it was determined that NCs with sizes of ~200 nm could be reliably

synthesized for LNMO, LMO, and LNO using a pH of 8.9, 8.7, and 7.4, respectively.
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The synthesis of LMO and LNMO NCs of similar sizes apparently requires a higher pH
as compared with LNO. We can potentially ascribe these observations to the comparatively
lower stability of Mn-glycine complexes as compared with the analogous Ni-glycine complex. In
addition, the influence of pH on the formation of the perovskite NCs can likely be further
explained by changes within the chemical bonding structure of glycine, at different pH values.
We further elaborate upon our thoughts on this issue in the SI section.

(B). Role of Reaction Parameters in the Synthesis of Nanorods and Nanowires.

For the synthesis of the LNMO nanorods, as implied in the Experimental section, the
metal salt precursors were first dissolved in water. Next, an aqueous solution of NaOH was
added to the solution so as to induce precipitation of metal hydroxides, which were then
subjected to a hydrothermal treatment. After the hydrothermal reaction, individual, isolated metal
hydroxide composite nanowires were formed, as shown in Figure S9, and these were
subsequently annealed at higher temperatures to form the desired perovskites.

We systematically varied a number of different complementary reaction parameters,
including (a) solvent, (b) reaction time, (c) additive and precursor identity, and (d) hydrothermal
reaction temperature, in our series of experiments and observed their discrete effects upon the
morphology of the isolated intermediates. However, SEM images of the isolated intermediates
(Figure S10) indicate that changing these specific parameters were not particularly effective in
precisely tuning the morphology, size, and composition, simultaneously. A more detailed
discussion of these reaction variables is provided in the Supporting Information.

Nevertheless, in terms of the more relevant and tunable parameters, we found that (e) the
annealing temperature in addition to (f) alterations in the base identity (and associated amounts)

turned out to be more important and impactful. As a notable reminder, in this reaction, the base
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acts as both the precipitating agent and the mineralizer during the hydrothermal reaction, which
can functionally influence the as-generated morphology.®? Hence, we carefully investigated the
effects of both the annealing temperature and the identity of the base (and base quantities) as
viable means of controlling not only the as-produced nanowire/nanorod morphology but also
their corresponding diameters, given the significance of obtaining simultaneously well-defined
sizes and shapes of our nanostructures for our subsequent MOR experiments.

Role of Base: Previous reports for other metal oxides, apart from double perovskites, indicate
that changing the identity of the base used in similar hydrothermal processes can definitely
influence the size of the desired oxides.®?%3 Inspired by these reports, we synthesized LNMO
nanorods using NaOH, KOH, LiOH, and NH,OH as the various bases, in an attempt to achieve
fine control over morphology. The XRD patterns of the final products after annealing at 1000°C,
Figure S11, reveal that all of the bases attempted lead to the formation of the desired structure.
However, LiOH yielded a significant amount of La,O; impurities, though these could likely be
washed out by acetic acid.

We analyzed the morphologies of the intermediate nanowires in order to better determine
the effect of the base upon the resulting morphology. Indeed, we found that altering the base
identity itself had little if any apparent effect upon morphology, since NaOH, KOH, and LiOH
all gave rise to nanowires and nanorods. The accompanying SEM images (Figure S12) of the
different samples highlight nanorods with average diameters of 50 + 12,29+ 5,31 +4, and 32 +
11 nm, created when NaOH, KOH, LiOH, and NH4OH were respectively used. It should be
noted however that while the diameters of the NaOH sample appeared to be slightly larger than
those of the other samples, there was no significant correlation with size. These results indicate

that changing the base cannot be necessarily used as a method to manipulate the apparent
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dimensionality over a wide range of the as-prepared LNMO nanorods. As such, we chose NaOH
as the preferred base to be used in further experiments, as it can yield high-quality nanorods with
longer lengths as compared with those generated using other bases.

Role of Annealing Temperature: We sought to determine the optimal annealing temperature

required to form the desired LNMO nanorods. In so doing, we varied annealing temperatures in
the range of 600 to 1000°C. The XRD patterns of the nanorods annealed at different
temperatures, without the acetic acid washing step, are shown in Figure S13, which indicates that
the desired perovskite structure is capable of being formed at temperatures as low as 600°C.
Minor impurities that can be ascribed to La,O; are present in the samples annealed at 600 and
700°C but are completely removed at the higher temperatures. In addition, it should be noted that
these impurities can be removed by washing with acetic acid.

SEM images (presented in Figure S14) were taken of each sample to determine the effect
of annealing temperature upon morphology. At annealing temperatures of 600, 700, and 800°C,
the nanorod morphology is still evident, and each sample exhibits average diameters, ranging
from ~40 to 60 nm. At 900°C, whereas measured diameters rise to ~ 68 + 12 nm, the nanorods
themselves begin to fragment, thereby leading to the formation of irregular particles. At 1000°C,
though isolated nanorods are observed with average diameters of as much as ~93 £ 15 nm, the
nanorods themselves are almost completely destroyed. The larger particle sizes observed at 900
and 1000°C are likely caused by aggregation and sintering effects. From these collective results,
we determined that 800°C represented an optimal annealing temperature, because pure LNMO
nanorods are formed at this temperature with the desired, intact anisotropic morphology.

Characterization of Perovskite / Pt Catalysts:
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To investigate the discrete effects of both the chemical composition and morphology of a
catalyst support within the methanol oxidation reaction, we have deposited Pt nanoparticles onto
the surfaces of the variously formed La-based perovskites. Specifically, Pt nanoparticles were
deposited onto the surfaces of the perovskites by reducing the Pt precursor with NaBH, in the
presence of these oxide support materials. All samples were characterized by HRTEM and
SAED, as shown in Figure 6 and 7. For all of the samples, Pt nanoparticles with average sizes of
about 2-4 nm were found to have been immobilized onto the outer surfaces of the perovskites, as
indicated in Figure 5. Moreover, HRTEM data were used to measure the d-spacings of these Pt
nanoparticles for all samples; these readings were found to center on 0.23 nm, which can be
ascribed to the Pt (111) plane. In addition, the corresponding SAED confirms the simultaneous
presence of both the perovskite supports and the Pt nanoparticles themselves.

XPS was used to probe the nature of chemical states and the extent of electronic
interactions between the perovskite supports and the Pt nanoparticles. Specifically, the survey
spectra for all of the samples tested are shown in Figure S17, indicating the presence of all of the
expected elements with no noticeable impurities apparent.

The O 1s peaks for all of the samples are provided in Figure S18 with the data
summarized in Table S1. All of these samples incorporate peaks which are found at binding
energies of ~528.5, 529.5, and 531.8 eV. We note that the two peaks detected at the lower
energies are assigned to the lattice oxygen, whereas the other peak can be ascribed to hydroxyl
groups localized on the surface. The LMO, LNO, LNMO-8.7, and LNMO NR samples all
maintain additional peaks at higher energies in the vicinity of 532 eV, which are likely caused by
the presence of adsorbed H,O. Moreover, the LNMO-8.7 and LNMO NR samples both maintain

two additional peaks, located at ~526.7 and 530.6 eV, the latter of which are likely associated
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with adsorbed oxygen (O,q4s) species on the surface. The magnitude of the O,4s peak has been
ascribed to a measure of oxygen vacancy content, wherein an increase in the peak intensity can
be correlated with a corresponding increase in the number of oxygen vacancies.

The chemical state of La was investigated by measuring the La 3d peak, as shown in
Figure S19, and these data are summarized in Table S2. It is important to note that the La 3d5,,
peak also overlaps with the Ni 2p;/, peak, which can thereby render the deconvolution and
corresponding interpretation of the peaks as rather complicated. Both of the La 3ds,, and 3d5),
signals split into two peaks, which emanate from a core-hole state, 3d'4{°, in addition to a core
hole state with an electron transferred from the oxygen 2p valence band to the empty 4f orbital,
yielding 3d!4{1.64-% The La 3ds,, peaks are situated between ~830 and 842 eV for all samples
analyzed. Within this region, all of the samples possess a main La 3d,, peak, centered at ~835-
836 ¢V, in addition to a satellite peak, located at ~838-839 eV. The distance between the two La
3ds), peaks is expected to be ~4.6 eV for La,0;. However, within our double perovskites, the
measured peak separation in this region is actually in the range between 3.2 and 3.3 eV. The
positions of these peaks, coupled with the measured energy gap between the main peaks and the
satellite peaks, are closer to what would have been expected for La(OH); as opposed to La,03, a
finding which is consistent with results derived from the O 1s spectra.

It is worth emphasizing that additional peaks were observed within the La 3d region for
both LNMO-8.7/Pt and LNMO NRs/Pt samples, which were not present in the other materials
analyzed. These peaks, situated at 832.3 and 833.4 for LNMO-8.7/Pt and LNMO NRs/Pt,
respectively, could potentially be assigned to another La species. Interestingly, in these samples,
the measured energy gaps between the main peak and satellite peak are in the range of ~3.9 eV.

Because of the shift towards lower energies along with the larger apparent energy gap, it is
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plausible that these peak features can be ascribed to either La,O; or similar types of oxides
within these perovskites.®® Whereas the observed energy gap remains smaller than what might
have been expected for La,O3, we hypothesize this noticeably lower set of values may be caused
by the presence of carbon and oxygen species adsorbed onto the surface.” Overall, these results
tend to indicate that the LNMO-8.7/Pt and LNMO NRs/Pt are ‘special’ cases, in that these
particular samples possess a different surface structure as compared with that of the other
samples. The inference is that LNMO-8.7/Pt and LNMO NRs/Pt are not necessarily entirely
covered by and coated with hydroxyl groups; in fact, other oxygen-containing species may also
co-exist with implications for electrochemical activity.

The Ni-containing perovskites all possess an additional peak, which is not observed in
LMO but which appears in the region between ~552 and 557 eV and likely corresponds with the
presence of Ni2*/Ni3* species. It is expected that the peaks located at lower binding energies are
indicative of a higher amount of Ni** species present, whereas a shift to higher binding energies
signals the reverse, i.e. the presence of more Ni** species. From our analysis, we determined the
following trend in the behavior of the binding energy value of the Ni peak: LNMO-8.7/Pt >
LNMO NRs/Pt > LNO/Pt > LNMO-8.9/Pt > LNMO-9.3/Pt. Though the Ni** oxidation state is
necessary for the successful formation of our Ni-based perovskite structures, the LNMO double
perovskites can more flexibly accommodate for a range of variations in the Ni oxidation state,
because Mn can exist as both Mn3* and Mn*" species. It is expected therefore that an increase in
Ni%* would lead to (i) a growth in the number of oxygen vacancies and/or (ii) an increase in the
Mn** oxidation state, both of which can give rise to an improved electrocatalytic activity.

As shown in Figure 6, the Pt 4d peaks were measured by XPS to probe the effect of the

underlying perovskite support on the d-band of the Pt nanoparticles. The position of the 4ds/,
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peak in elemental, bulk platinum is 315 eV.%® Deposition of Pt onto the LMO sample does not
lead to a significant shift in the peak position. However, deposition of platinum onto the
analogous LNMO and LNO samples leads to significant downshifts in the binding energy of up
to 3.3 eV. It was observed that the position of the Pt 4ds/, peak decreases in magnitude in the
following order: LMO > LNMO-9.3 > LNO > LNMO-8.7 = LNMO 8.9 > LNMO NRs. That is,
a larger shift in the binding energy would be indicative of a stronger electronic interaction
between the Pt catalyst and the underlying oxide perovskite support.

On the basis of these results, the addition of Ni within the perovskites clearly yields a
significant effect upon the electronic properties of Pt, whereas oxides containing only Mn do not
appreciably affect Pt to such a measurable extent. A decrease in the binding energy suggests that
the Pt d-band is shifted to higher energies, which would be expected to lead to stronger
interactions with oxygen adsorbates. That is, a desirable electron transfer from the oxide support
to the Pt is favorable for small organic molecule oxidation, because oxygen adsorbates are
necessary to catalyze the oxidation and removal of partially oxidized intermediates.®®-70

Electrochemical Activity:

General Observations: CV curves for each of the catalysts, along with a Pt/C standard, were

collected in an Ar-saturated solution of 0.1 M perchloric acid, using a scan rate of 20 mV/s.
Representative CV curves, corresponding to samples of LNO/Pt, LMO/Pt, LNMO-8.7/Pt,
LNMO-8.9/Pt, LNMO-9.3/Pt, LNMO NRs/Pt, and Pt/C, respectively, are provided in Figure 7.
CV curves for all of the samples possess a distinctive shape, which is expected for
nanostructured Pt.”! Specifically, the hydrogen adsorption region is observed between 0 to 0.3 V

and the reversible surface oxidation of Pt can be observed at potentials above 0.6 V. The CV
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curves corresponding to Pt-decorated LNO and LNMO-8.9 NCs maintain very similar shapes,
especially within the Pt oxidation region.

By contrast, the analogous CV curve for LMO/Pt displays a unique and characteristic
suppression of the oxide region. This is consistent with the XPS results, which revealed that the
oxides, incorporating Ni, shift the Pt d-band to higher energies and should thereby lead to
stronger oxygen adsorption, whereas the use of LMO alone did not lead to a significant shift in
the d-band. The apparent suppression of oxide formation on Pt in LMO is consistent with the
lower activity for the methanol oxidation reaction observed for this catalyst as compared with the
analogous Ni-containing perovskites, since adsorption of oxygen species is essential, especially
for the removal of poisoning CO species.

In terms of accounting for the effect of support composition, the oxide reduction peaks
for the Ni-containing perovskites were observed at ~800 mV. The fact that there is little
difference in the measured peak locations among the various different individual perovskite
supports would imply that the changes in either chemical composition or morphology within
these oxides may have little effect upon the magnitude of the observed metal-support
interactions. When these results are combined with the complementary XPS data, these
observations suggest that the down-shift in the Pt d-band is significant in determining the nature
of the electrochemical properties of the Pt deposited onto the oxides. The relative magnitudes of
these down-shifts, resulting from the composition and morphology, are less significant. By
contrast, the peak position for Pt/C is situated at ~730 mV, which is significantly shifted to lower
potentials relative to the perovskite supports themselves. This noticeable difference in behavior
suggests that the oxides lead to an intrinsically different type of metal-support interaction as

compared with carbon support controls. What is apparent is that the consistent increase in peak
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position noted for the perovskites in general indicates that oxygen likely binds more weakly to
the Pt immobilized onto the perovskites as opposed to the analogous Pt/C control system.

Judging from the relative peak positions alone, the significant shift in the position of the
oxide reduction peak to lower potentials in Pt/C would be indicative of higher MOR
performance. However, this finding in and of itself does not account for the relative surface
chemistry of the support materials. The oxide surfaces of the perovskite supports provide for
oxygen species at the metal oxide-interface over the entire potential window. Thus, CO oxidation
can proceed via a bi-functional process at the Pt-oxide interface at low overpotentials without
necessarily requiring a high surface coverage of oxygen species to be present on Pt at higher
overpotentials. By contrast, conventional carbon supports provide for far fewer oxygen species at
the Pt-support interface, and therefore, CO oxidation in that case is dependent upon the
formation of oxide species via Pt surface oxidation.

Specific Findings: The activity of each catalyst towards MOR was measured by taking linear

sweep voltammetry (LSV) curves within an Ar-saturated 0.1 M perchloric acid solution
containing 0.5 M methanol. The results were normalized to the Pt ECSA, and are displayed in
terms of the specific activity. To understand the effect of chemical composition upon activity, the
data for LMO/Pt, LNO/Pt, LNMO-8.9/Pt, and Pt/C samples are compared and contrasted in
Figure 8A, B. It is apparent that all of the perovskite supports outperform the Pt/C standard over
the entire onset region, which indicates that the metal oxides are superior supports as compared
with carbon. It should be noted that when the perovskites themselves were used as the functional
catalyst without any Pt present at all, there was no apparent electrocatalytic activity detected.

When these observations are combined with the CV data, the results suggest that the increase in
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MOR activity arises from a bifunctional process, wherein the use of perovskites facilitates CO
oxidation, which minimizes unwanted CO poisoning at the Pt active sites.

At a reaction potential of 0.8 V, LNO/Pt evinces activities that are about 1.3 and 2.4
times higher than those of LMO/Pt and Pt/C, respectively; furthermore, these readings are
comparable in magnitude to that of LNMO-8.9/Pt. Thus, the incorporation of Ni within LMO to
yield LNMO can increase the performance of the double perovskite as compared with pristine
LMO alone. Specifically, the increase in MOR activity resulting from the addition of Ni within
LNMO/Pt can be attributed to the measurable shift in the Pt d-band and therefore stronger
oxygen binding than would have the case with LMO/Pt alone.

To understand the effects of both size and morphology, the MOR results for LNMO NRs
and NCs characterized by various sizes are compared in Figure 8C, D. The results are
complicated in that the net outcomes of these two parameters appear to be intertwined and
interdependent. To determine the specific influence of size, we compared the activity of LNMO
NC supports across sizes that vary from 70 nm to 400 nm. Interestingly, the specific activity rises
from 0.58 mA cm to 0.75 mA cm, as the size of the particle is correspondingly increased from
70 nm to 400 nm. This result is somewhat counterintuitive, since higher activity is often
associated with increases in the catalytically available and accessible surface area, as the particle
size is decreased. However, in our case, the size of the Pt nanoparticle catalyst remains constant
regardless of the support size and, hence, the size-dependent effect must therefore arise from the
influence of the support size upon the observed catalyst-support interactions.

The size of the metal oxide nanoparticles can affect several key parameters that may
impact upon catalytic performance. First, increasing the size of the perovskite support should

lead to corresponding increases in the crystallinity of the particle and the uniformity of the oxide
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surface. In addition, the size of the particle can also influence the surface energy, the structure of
the surface termination, the extent of oxygen vacancies, and the degree of Ni?* exposure at the
surface. Although it is difficult to ascribe the overarching importance of any one parameter, it is
evident that larger particle sizes can lead to a desirable surface structure that induces a favorable
metal-support interaction for MOR oxidation.

To analyze the influence of particle morphology, we compared the activity of Pt NPs
supported onto LNMO NC and NR possessing comparable diameters of 70 nm and 50 nm,
respectively. In particular, the LNMO NRs yielded higher performance over the entire onset
region. At 0.8 V, the specific activity of the NRs was measured to be ~1.5 times larger than that
of the NCs. By analogy with particle size, morphology can impact upon the crystallinity and
surface structure. Specifically, one-dimensional nanorods can selectively display certain active
facets oriented along their anisotropic axis. Moreover, unlike what was observed for the porous
nanocubes, the nanorods possess a smooth, non-porous surface, as indicated by our HRTEM
data, which may also contribute to the observed differences in activity between these
morphologies. Overall, these results suggest that the anisotropic 1D morphology of the nanorods

appear to lead to improvements in MOR activity as compared with isotropic nanocube motifs.

Conclusions

LNO, LMO, and LNMO nanocubes were synthesized by a simple, surfactant-assisted
hydrothermal method. The use of glycine was crucial for the formation of nanocubes, a structural
motif that had not been previously generated for these chemical compositions in past studies.
Moreover, the sizes of these nanocubes could be manipulated by precisely and carefully

controlling the pH of the reaction medium. As such, we were able to generate these three

Page 26 of 44



Page 27 of 44

Catalysis Science & Technology

27

different oxide perovskites as nanocubes possessing average sizes of ~200 nm; furthermore, we
created additional LNMO nanocubes with sizes in the range of ~70 to 400 nm. Moreover, to the
best of our knowledge, we are the first to produce analogous LNMO nanorods with average
diameters of ~ 50 nm using a surfactant-less hydrothermal method. The chemical composition,
crystallinity, and observed morphology of all of our samples were characterized by a synergistic
combination of XRD, SEM, HRTEM, and EDS.

The electrochemical performance of Pt deposited onto these as-prepared perovskites as
supports for the electrocatalytic oxidation of methanol was systematically investigated. Our
double perovskites consistently exhibited activities, which were more than double that of the
Pt/C commercial standard. This higher observed activity is likely caused by a bifunctional
mechanism, wherein the surfaces of the perovskites facilitate CO oxidation so as to reduce
unfavorable CO poisoning at the Pt active sites.

A comparison between LNO, LMO, and LNMO nanocubes was performed to understand
the influence of chemical composition upon electrocatalytic performance. Because LNO and
LNMO vyielded comparable activities which are about 1.3x higher than that of LMO, these
findings indicate that the presence of Ni most likely leads to better catalytic performance. This
activity dependence on chemical composition was corroborated by XPS results which are
consistent with a higher shift in the position of the Pt’s d-band energy upon interaction with Ni-
containing perovskites as opposed to analogous Mn-containing perovskites such as LMO.

To deduce the effect of size upon the activity of the LNMO nanocubes, we compared
activity values across a range spanning 70 to 400 nm; the measured activity clearly rose with
increasing perovskite particle size, which suggests that the presence of a larger particle size may

induce the creation of a surface structure which induces favorable metal-support interactions.
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Finally, to understand the role of morphology, we compared the performance of 70 nm
nanocubes versus 50 nm nanorods of LNMO. The anisotropic motifs achieved 1.5x higher
activity values as compared with their isotropic analogues. This evident increase in activity may
be attributed to the anisotropic nature of the nanorods, which can not only selectively display
specific active facets but also promote advantageous surface crystallinity and structure in order
to promote more favorable SMSIs.

As such, this overall study herein highlights a rational means with which chemical
composition, size, and morphology can be systematically and rationally used to tune and
manipulate metal-support interactions. These advances will enable the predictive development of

highly active, electrocatalytically relevant catalyst-support systems.
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Figure Captions

Figure 1. XRD patterns of as-prepared LNMO NRs, LNMO NCs, LNO NCs, and LMO NCs,
along with the LNMO reference pattern.’

Figure 2. Representative (A, E, I) SEM images, (B, F, J) TEM images, (C, G, K) HRTEM
images with measured d-spacings, and (D, H, L) selected area electron diffraction data for (A-D)
LMO NCs, (E-H) LNO NCs, and (I-L) LNMO-8.9 NCs, respectively.

Figure 3. Representative (A, E, I) SEM images, (B, F, J) TEM images, (C, G, K) HRTEM
images with measured d-spacings, and (D, H, L) selected area electron diffraction data for (A-D)
LNMO-8.7 NCs, (E-H) LNMO-9.3 NCs, and (I-L) LNMO NRs, respectively.

Figure 4. EDS mapping data for (A) LNMO-8.9 NCs, (B) LMO NCs, (C) LNO NCs, and (D)
LNMO NRs, respectively.

Figure 5. (A) XRD patterns. (B) Plot summarizing the effect of pH on size. (C-J) SEM images
of LNMO NCs synthesized with a pH of (C) 8.2, (D) 8.4, (E) 8.7, (F) 8.8, (G) 8.9, (H) 9.0, (I)
9.1, and (J) 9.3, respectively.

Figure 6. Pt 4d XPS spectra corresponding to LNO/Pt, LMO/Pt, LNMO-8.9/Pt, LNMO-8.7/Pt,
LNMO-9.3/Pt, and LNMO NRs/Pt, respectively. The dashed black line located at 315 eV
indicates the expected position for bulk Pt°.

Figure 7. Representative CV curves of various types of systems tested associated with different
perovskite metal oxide chemical compositions. Data were collected in an Ar-saturated 0.1 M
HCIOy solution for LNO/Pt, LMO/Pt, LNMO-8.7/Pt, LNMO-8.9/Pt, LNMO-9.3/Pt, LNMO
NRs/Pt and Pt/C, respectively.

Figure 8. Probing the Effect of Chemical Composition, Size, and Morphology. MOR activity

of La-based perovskite NCs with average sizes of ~200 nm, used as Pt supports within an Ar-
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saturated 0.1 M HCIO4 + 0.5 M MeOH solution. (A, C) LSV curves compare the effects of
varying composition, size, and morphology, respectively. (B, D) The corresponding bar graphs

depict the MOR activity observed at 0.8 V.
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Table 1. Average particle sizes and measured BET surface areas of various, as-prepared

perovskite nanostructures.

Sample Size (nm) BET surface area (m?%/g)

LNMO-8.9 NCs 181 +50

LMO NCs 191 +£41

LNMO NRs 43+8 108.2




