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ABSTRACT OF THE DISSERTATION

Surface and Interface Engineering of Platinum Nanostructures for

Effective Electrochemical Energy Conversion and Storage

Chengzhang Wan

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2020

Professor Xiangfeng Duan, Chair

Electrochemical processes play a central role in clean energy generation, storage, and
utilization. The rapid development of fuel cells that can efficiently convert chemical fuels to
electricity will significantly reduce fossil fuel combustion to enable a sustainable future. Besides,
water electrolysis is an essential environmentally friendly technique for the future hydrogen
economy and vehicle market. The efficiency of these electrochemical processes relies on the
rational design of high-performing electrocatalysts, which requires an atomic-level understanding
of the charge/mass transfer and chemical transformation at the surface and interface of the

electrocatalysts. The extent to which nanostructuring produces high performing surface and



interface for efficient energy transformation is likely to cover a wide range of metal/metal alloys,
transition metal oxides, sulfides, and nitrides, and is currently the focus of intensive research. To
date, noble metal platinum (Pt) has been proved to be the most active element to catalyze most of
the electrochemical reactions required in the fuel cells and water electrolyzers. Due to the high
cost of Pt and the high energy consumption resulted from the inevitable overpotential of those
electrochemical reactions, optimizing the specific activity (SA), mass activity (MA), and the
overpotential presents the key challenges for the design of commercial electrochemical catalysts.
This requires the systematic and controllable surface/interface engineering of the Pt catalysts for

the rapid electron and mass transfer.

The first part of my dissertation presents how the single-atom nickel-modified Pt nanowires
(SANi-PtNWs) with abundant activated Pt sites next to the SANi and minimal blockage of the
surface Pt sites can be synthesized using a partial electrochemical dealloying approach. This single
atom tailoring strategy ensures the optimal combination of SA and ECSA to deliver the highest
mass activity and durability for diverse electrochemical reactions. In the second part of the
dissertation, we will introduce the direct synthesis of single-atom Rh tailored Pt nanowires (SARh-
PtNWs) with optimum surface oxophilicity for the hydrogen oxidation reaction. The optimal
surface oxophilicity on the SARh Pt nanowires surface ensures the optimum OHads/H20,
adsorption on the single-atom Rh sites at 0 V vs. RHE, which facilitates the removal of Hads and
hence accelerates the total hydrogen oxidation rate by over one magnitude compared to that of Pt.
Apart from the single-atom tailoring strategy, in the third part, we will discuss a unique surface
decoration of the Pt-tetrapod framework with water-permeable amorphous Ni(OH): shell. Such
decoration will keep the Pt sites covered from accessing the reactant such as water, proton, and

hydroxyl, and thus can boost the MA and SA simultaneously.
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Figure 2.6. Electrocatalytic performance of the SANi-PtNWs for HER compared against Pt/C and
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normalized HER Tafel-slope. (E) Comparison of ECSA (black arrow to the left), specific activities
(normalized by ECSA, green arrow to the right) and mass activities (normalized by Pt mass, purple arrow
to the right) for HER at -70 mV vs. RHE for all tested materials. (F) Comparison of HER mass activity of
the SANi-PtNWs at -70 mV vs. RHE with the state-of-art values reported previously. * The material in Ref.

3 was tested in 0.1 M KOH. Error bars in e and f indicate the standard deviation of ten independent samples.

Figure 2.7. HER performance of the SANi-PtNWs and Pt/C under harsher conditions. (A) ECSA
normalized HER LSVs for Pt/C and SANi-PtNWs in 4 M KOH with 95% iR-compensation at the scan rate
of 5 mV/s. (B) ECSA normalized HER LSVs for Pt/C and SANi-PtNWs at 313 K and 333 K, respectively.
The measurements were conducted in 1 M KOH with 95% iR-compensation at the scan rate of 5 mV/s. 47
Figure 2.8. HER chronopotentiometry test of SANi-PtNWs, in 1 M KOH at a constant current density of
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Figure 2.9. Density functional theory (DFT) calculations of the active sites. (A) Cavity defect on the Pt
(111) surface (Model A). The unit cell is 4x4, and the figure shows 2 unit cells. The locally stable adsorption
sites for the H atom are labeled on the top view model. (B) Exchange current ip for HER as a function of
*H adsorption free energy for the locally stable adsorption sites in Models A, B and C. (C) Adsorption free
energy of hydrogen on model A Pt surface as a function of the applied potential Urng at various coverage
in pH=14 solution. (D) Model D for SANi decorated Pt (111) surface, Ni atom being in the surface layer.
The unit cell is 3%3, and the figure shows 2 unit cells. (E) Volcano curve for adsorption sites on model D
at low coverage (LC) and high coverage (HC) conditions. (F) Adsorption free energy of hydrogen on model
D as a function of Urng at various coverage at PH=14. .........cccoeviierierieiieiie ettt see e 50
Figure 2.10. DFT models for HER activity calculation. To better distinguish the sites in Models A, C, E,
and F, we use two letters to label the adsorption sites. The first letter indicates whether the site is top (T),
bridge (B), FCC hollow (F) or HCP hollow (H), the second letter indicates whether the site is in a cavity
(C), on the step (S), or on the terrace (T). For the adsorption sites in Models B, D and G, there are no cavities

so we use simple labels to represent whether the site is top (T), bridge (B), FCC hollow (F) or HCP hollow
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(H). The local minima sites are in red color. The adsorption free energies (AGu — AGy™ V) for all the
adsorption sites are shown in Supplementary Table 3. Besides that, we also directly write the adsorption
free energies on the adsorption sites. The local minima sites are in red color. (A) Model A with 4x4 unit
cell and 5 layers. BS1 and BS2 are the most stable adsorption sites. By symmetry, there are 3 BS1 and 6
BS2 sites in one unit cell. Since they will be occupied first and they will block TS1, TS2 and FT1 sites,
FT3 and TT1 sites will become the local minima sites. The TC site in the cavity is another local minimum.
(B) Model B with 5x5 unit cell and 5 layers. Model C has a larger cavity than Model A, but there are many
similarities. The BS sites are still the most stable sites. The TS sites have lower energies than TT3, FT2 and
FT3, but they are blocked by the BS sites, so the local minima sites on the terrace are TT3, FT2, FT3 and
FT4. The TC site in the cavity is still a local minimum site. (C) Model C of Pt (553) stepped surface. (D)
Bond lengths (A) in model C. The Pt-Pt distance in bulk is 2.81 A. Model C is Pt (553) surface and it’s a
model for the step defect. We find the fcc hollow sites, such as F1, F2 and F3 are destabilized compared to
Pt (111), which could be explained by the strain effect. In this figure, we can see that the bond lengths
between the terrace atoms are about 3.5% less than the normal distance in the Pt bulk. (E) Model D with
3x3 unit cell and 5 layers. Model D is the (OH) bounded Ni single atoms decorated Pt (111) surface. B1 is
the most preferred site, then T3, T2 and T1 sites will be covered if more H is adsorbed. Since all the other
sites are blocked, T4 will be covered if one more H atom comes in although it’s not a local minimum. If
higher coverage is reached, the fcc sites and B2 site rather than the top sites will be covered. (F) SANi/Pt
model with 3x3 unit cell and 5 layers. This model has no OH groups binding to the Ni, the fcc hollow sites
F1 and F2 are the locally stable sites, and they are less active than Pt (111). (G) Model E with 4x4 unit cell
and 5 layers. This is another model of Pt (111) with a cavity. (H) Model F with 5%5 unit cell and 5 layers.
This is another model of Pt (111) with a cavity. (I) Model G with 3x3 unit cell and 5 layers. Model G is an
isomer of model D, which is also (OH) bounded SANi decorated Pt (111) surface, it’s 0.027 eV higher in

energy. All the sites on this model are also more active than Pt (111). ....cccoveviiviiiciinciieiieeeeecee e 51
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CHAPTER 1. INTRODUCTION AND BACKGROUND
1.1 A Broad View of Surface and Interface Engineering of Electrochemical Nano-Catalysts

Satisfying the increasing energy demand of our society while simultaneously fighting
global environment pollution requires the technologies development of renewable energy
generation, conversion, and storage. For example, as an alternative technology to enable the
proposed sustainable clean energy future, fuel cells and water electrolytic cells that can efficiently
conduct electrochemical reactions for electricity generation and energy storage with zero-emission
are attracting increasing attention. However, the worldwide adoption and commercialization of
these promising green technologies require the development of low cost, highly active, and durable
electro-catalysts. However, the current state-of-the-art electrocatalysts are suffered from the low
catalytic efficiency or the high cost of the device, because of the huge energy consumption on the
large overpotential of these electrochemical reactions and the inevitable utilization of expensive
noble metals. To address these challenges, considerable efforts have been devoted to investigating
the reaction mechanisms and the fundamental structure-activity relationships, as well as the design
and synthesis strategies to achieve high-performance electrocatalysts on both laboratory and

industry production scale.

Typically, an electrochemical reaction is a heterogeneous process in which the charge
transfer and chemical conversion take place at the surface and interface of the catalysts layer. At
the nanoscale, the surfaces and interfaces of a material structure strongly influence its physical and
chemical properties. For a given electrochemical reaction, according to the Sabatier principle, the
surface of the optimized catalyst should provide optimum adsorption strength for all the reactants

and intermediates that is neither too strong nor too weak.!”* Therefore, what is the origin of the



catalysts-adsorbate interaction strength and how to effectively tune the strength to the optimal level
remain to be the most critical questions for the whole community. There are mainly two strategies
to tune the binding strength of the adsorbate at the surface and interface, including 1) tuning the
electronic structure of the catalysts and 2) changing the surface geometry and composition.*'° The
effects of the two strategies are difficult to be distinguished because the change of surface
geometry is always coupled with the change of electronic structure under nanoscale. Studies have
shown that creating unique surface composition and topologies in nanostructures offer

unprecedented performance in electrocatalysts.!!"!?
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For the first strategy, according to the D band theory, the adsorbates states will hybridize
with the D band of the metal catalysts to form new bonding states (d-c) and antibonding states (d-
6)".* The strength of metal-adsorbate interaction depends on the difference in the filling of the
bonding and antibonding states (Figure 1.1A). Usually, for the considered metal, the bonding
states (d-o) states are all full, thus, with more electrons in the antibonding states (d-c)* the metal-

adsorbate interaction will be weaker.*
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Figure 1.2. Illustration of the effect of tensile strain on the d band center. Increasing the lattice constant

shrinks the bandwidth, and, to keep the number of d electrons fixed, the d states have to move up in energy.

Adapted from Ref 4.

It has been revealed that the filling status of (d-c)” is related to the position of the D band
center of the metal catalysts. When the D band center moves up, due to the invariance of electrons
in the D band, the D band will shrink and lift the antibonding state to a position higher than the
Fermi level.* Thus, a higher D band center will cause a strong binding of the adsorbate and a lower
D band center will cause a weaker binding of the adsorbate (Figure 1.1B). Studies have shown

that by enhancing the compress strain of the Pt nanostructures, Pt-OH interaction can be weakened



to accelerate the whole oxygen reduction rate (Figure 1.2).!%!5 Detail of the strain effect and the
application will be discussed in Chapter 1.1. It has been noticed that the position of the D band
center on different Pt facets is also different, which partially explains the activity discrepancy of

the identical electrochemical reactions under different Pt facets.’
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Figure 1.3. Illustration of the bifunctional mechanism where Pt is responsible for dissociative adsorption
of the H» and oxophiles metal is responsible for adsorption of OH that can assist the further removal of Hags.

Adapted from Ref 16

The composition tuning of the metal surface is based on the dual-site bifunctional
mechanism, in which the major sites (Pt sites) work together with secondary promotor sites
(oxophiles metal) to catalyze the whole reaction (Figure 1.3).!° Such a strategy is effective in the
case that the inappropriate adsorption strength of certain critical intermediates of the rate-
determining step (rds) on the major catalytic sites dampers the whole reaction rate. Introducing the
surface dopants helps to build up the sites/dopants interface to facilitate the adsorption/desorption
of some key intermediates of the rds. This results in a boost of reaction activity and lower onset

overpotential.!”!?



Despite the extensive efforts and exciting developments on the surface and interface study,
our poor understanding of the fundamental correlation between materials structure and
electrochemical activities limits our ability to design, let alone predict, a new generation of high
performing materials that can offer a paradigm shift in electrochemical technologies. My
dissertation will center on the surface and interface engineering of Pt nanostructures to maximize
its specific activity (SA) and mass activity (MA) for the desired reactions such as oxygen reduction
reaction (ORR), hydrogen evolution reaction (HER), hydrogen oxidation reaction (HOR), alcohol

oxidation reaction (AOR) in fuel cells and water electrolyzers.
1.2 Surface Engineering of Pt Nanocrystals

As a face-centered cubic (fcc) noble metal, Pt has three basic low index facets, including
Pt(111), Pt(100), and Pt(110), together with high index surface Pt(hkl) (h > k >1>0) facets which
should be consist of the three basic Pt crystal facets. It has been noticed for decades that the activity
of the same reaction on different Pt facets is largely different, mainly due to the different electronic
structure, coordination number, and surface energy.?®! 2> The catalytic activity of different Pt
facts has been extensively studied based on both single crystal electrode and nanoparticles with
different shapes. In 1 M HClO4, the ORR activity of Pt single-crystal electrode follows the trend
Pt(110) > Pt(111) > Pt(100).> A similar trend is also observed on the pure Pt octahedra enclosed
with {111} facets and Pt nanocubes enclosed with {100} facets. Activity for HOR/HER increases
as Pt(111) < Pt(100) < Pt(110) according to Markovié’s reports.?*>> The onset overpotential of
methanol oxidation on Pt electrode increase in the order of Pt(100) < Pt(110) < Pt(111).2* Besides
the flat Pt surface, high index Pt facets with more step sites and low coordination number are found

to be more active toward electrochemical reactions, compared with the low index surface.!??426



Therefore, the fabrication of Pt nanostructures with a rough surface is an efficient surface

engineering strategy for enhancing the catalytic activity.

>
o]

| , : o A)
[_"1 Half-Wave Potential fen
0.68- 26 2.7 28
— 140 |
> .
< 0.67 0672 ol PuTh 1 Pt,.Gd
\r- ’ T Sk P:
-g 0.66- g — Pt,Dy £ 9‘5‘6 t,Sm
c < 2% ® o 2 PtCa |Initial activity
S 065l 0.657 E 8] LN
o] o 80 i/ S Uk Pt.Ce
o = / 9'? <R
o 0.64) 0645 2o %0 [PEiE
> 2 |Activity after ? RS
g 0.63- T g 4.0- 10,000 cycles \
e o S Pt
© 0.624 2.0 ‘e
T 0.619
0-61 T T T T T 0.0 T !
Pristine  10nm 5nm 10nm 5nm 51 5.2 53 54 55 56
State compressive strained tensile strained Lattice parameter a

Figure 1.4. (A) Comparison of the ORR half-wave potential of 10 and 5 nm Pt nanofilm under different
strain states. Compressively strained Pt exhibit higher ORR activity while tensilely strained Pt exhibit lower
ORR activity compared with pristine state Pt. Adapted from Ref 27. (B) Volcano plot of ORR kinetics
current vs. the lattice parameter. The ORR kinetic current reaches the top of the volcano plot with a lattice

parameter and Pt-Pt distance between 5.2-5.3 A and 2.6-2.65 A, respectively. Adapted from Ref 28.

Moreover, the adsorption strength of the intermediate highly depends on the D band center
of the Pt. It has been found that the compress strain of Pt lattice can lead to the more sufficient
overlap of the D orbitals between the adjacent surface Pt sites and hence narrow the bandwidth
and downshift the d-band center, while the tensile strain results in the upward shift of the D band
center.* This provides a general strategy to finely tune the Pt D band center to achieve the desired
metal-adsorbate interaction strength. Du ef al. systemically investigated the structure-activity
relationship for strained Pt nanofilms for ORR and exclusively concluded that the compress strain
help to enhance the activity while the tensile strain decreases the activity (Figure 1.4A).%

Chorkendorff ef al. tuned the lattice parameter of Pt alloy using the lanthanide contraction and

6



found that the optimal lattice parameter of Pt alloy ORR catalyst falls into the range between 5.2-
5.3 A (Figure 1.4B).%8 It has also been reported that several atomic layers of Pt skin on top of the
PtsNi and PtPb sublayer have compress strain due to the existence of heteroatoms, leading to

significantly enhanced ORR activity.!*?

1.3 Interface Engineering of Pt Crystals

In a heterogeneous electrochemical process, three interfaces have to be addressed,
including the electrocatalysts-electrolyte interface, the inner boundary between the different
components in the catalysts, the catalysts-substrate interface.! Rational engineering of these three
interfaces can effectively enhance the catalytic activity by increasing the electrochemically active
surface area (ECSA), facilitating the mass and the charge transfer efficiency throughout the
catalyst layer, manipulating the alignment of surface electrolyte molecules, and introducing
heteroatoms on the surface for syngenetic effect.*3* Typically, interface engineering of Pt-based
catalysts including manipulating the interface between the Pt-metal, Pt-metal oxide (hydroxides)

interface, Pt-carbon, Pt-dichalcogenide, and Pt-organic ligand (Figure 1.5).!

» Metal-Metal Interface
Metal-Carbon Interface

Metal-Oxide/Hydroxides Interface

* Metal-Organic ligand Interface

Figure 1.5. Illustration of different types of interface. Adapted from Ref 1.



1.3.1 Pt-Metal Interface Engineering

To date, tremendous multimetallic Pt-based electrocatalysts with a variety of dimensions,
morphology, size, structures, and compositions have been developed. The interface between the
Pt and other components is proved to have a vital role in increasing the catalytic activity towards
multiple electrochemical reactions. The hetero-metal that interact with Pt has three functions,
including 1) ligand effect that tuning the surface strain and electronic structure of Pt for
intermediate adsorption/desorption, and 2) bifunctional mechanism in which the heteroatoms serve
as the anchor sites for the adsorption/desorption of some specific intermediates, but the electronic
structure of Pt is intact, and 3) sacrificial agent that dissolves faster and alleviate the dissolution of
Pt during the reaction. To save the utilization of Pt, M@Pt core-shell structures with atomic Pt
skin on the top of the heteroatom core have also attracted interest. Because of the lattice mismatch
between the Pt and another metal at the interface, the surface strain on the Pt could be tuned to
either tensile strain or compress strain by appropriately selecting the core element.?*>-” Another
strategy to reduce the cost of Pt is to disperse Pt atoms in another metal is to prepare single-atom
Pt dispersed metal surface.’®*° The electronic structure of Pt atoms at the interface will be
effectively influenced by the substrate atoms and thus the corresponding catalytic activity could

be tuned.*
1.3.2 Pt-Metal Oxide(hydroxide) and Pt-Dichalcogenide Interface Engineering

Fabricating the Pt-metal oxide (hydroxides) interface is another efficient way to promote
the activity of electrochemical catalysts, especially in the alkaline electrolyte where the transition
metal oxides/hydroxides can survive, and the synergetic effect can last for a long duration. Pt
nanostructures coupled with transition metal oxides/hydroxides could significantly improve the

activity of HER/HOR in the alkaline condition due to the enhancement of the oxophilicity at the
8



interface of the Pt-metal oxides for a more efficient water dissociation step. *'*#! Nanostructures
with Pt-metal oxides interface such as Pt-CeOz, Pt-SnO2, Pt-WO3 composites, Pt nanowires
physically mixed with Ni(OH):2 flakes, Pt particles decorated on the Ni foam, NiO decorated Pt
octahedra, have been successfully synthesized and applied to water splitting and alcohol
oxidations.®!34245 Moreover, Pt single atoms were successfully immobilized on the metal oxides
substrate to get single-atom Pt catalysts with 100% Pt utilization efficiency.***’ The strong Pt-O-
metal interaction not only stabilized the single Pt atoms but also induce the charge transfer from
Pt to the substrate to manipulate the electronic structure of center Pt atoms. Moreover, the Pt-
dichalcogenide interface can further improve the catalytic activity.*’ Compared with PtNi
nanowires, partially sulfurized PtsNi/NiS nanowires possess abundant Pt-NiS interface where the
NiS sites facilitate the HO-H dissociation faster than the Ni sites, and hence further enhance the
HER activity.*® Density functional theory (DFT) calculation suggested that single Pt atoms can
stay on top of the S sites of the MoS:2 to form Pt-S interface which significantly improves the CO
oxidation activity and the CO tolerance of Pt.*’ The existence of such interaction has then been
confirmed by experimental chemists using aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM) and together with DFT

calculation. 4%

1.3.3 Pt-Carbon Interface

The application of the electrocatalysts relies on the conductive carbon-based substrate to
ensure efficient charge transfer and mass transfer at the surface and interface. Compared with Pt
nanospheres, cubes, and octahedrons, the Pt nanowires have multi-contact point between
themselves and the carbon black surface, thus has a higher resistance to the aggregation during the

long-term tests.!”> Modifying carbon surface or functional groups can effectively change the



hydrophilicity of the carbon surface and hence affect the ion/gaseous transfer and charge transfer
rate at the Pt-electrolyte-gas triple-phase.’'** The performance of Pt ORR catalysts is reported to
be highly dependent on the type of the used carbon substrate.’ It has been also reported that the
nitrogen dopants in the reduced graphene oxides (rGO) interact with the Pt nanostructures to
stabilize the catalysts.>* Also, the carbon substrate can involve in the reaction process and have a
synergetic effect. Fabricating PtCo-CoN4Cx interface help to achieve the highest ORR mass
activity and high durability. The Pt sites can rapidly reduce the hydrogen peroxide generated by
CoNaCi sites, and hence activating the CoN4Cx sites which are intrinsically a 4 electrons pathway

inhibited.
1.3.4 Pt-Ligand Interaction

The electronic structure of the Pt surface can also be modified by simply decorating the
surface with organic compounds. Pt ultrathin nanowires chelated with ethylenediamine (EDA)
molecules have been reported to have high selectivity and activity for the production of N-

hydroxylanilines.*®

Moreover, building up the Pt-ionic liquid interface can enhance the
electrocatalytic activity due to the high gaseous solubility and high ion/charge transfer rate at the

interface.”’
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1.4 Application of Pt Surface and Interface Engineering in the Electrocatalysis

Fuel cells and electrolytic cells that can efficiently conduct electrochemical reactions for energy
conversion and storage with zero-emission are attracting increasing attention as an alternative
technology to enable a sustainable clean energy future. Most of the commercialized fuel cells and
electrolytic cells are based on proton exchange membrane (PEM), due to the well-developed PEM
with high stability and its relatively low cost compared with the anion exchange membrane (AEM).
However, PEM features a highly acidic solid electrolyte that challenges the stability of even the
precious-metals-based electrocatalysts (e.g., Pt), which requires the development of the anion
exchange membrane and alkaline electrocatalysts. To date, Pt is still the best selection of the
electrocatalysts toward anode reaction (HOR, AOR) and cathode reaction (ORR) in fuel cells and
water electrolyzers in the aspect of activity and durability. However, the current state-of-art
commercial Pt/C cannot stratify the DOE target for the commercialization of these techniques, and
the surface/interface engineering is recognized as the most significant and effective strategy for
developing electrocatalysts that far supersede the DOE target.1.4.1 Hydrogen Oxidation

Reaction/Hydrogen Evolution Reaction.

The HER and HOR are the most fundamental and most important reactions in the water
electrolyzer and fuel cell. The efficiency of HER has directly correlated with the competition
between hydrogen fuel and fossil in the aspect of the price. And the overpotential of HOR is closely
related to the output power of the fuel cells. The HER/HOR is a pair of reversible redox reactions.
In acid, the reaction pathway of HER includes the following elementary steps: Volmer-Tafel or
Volmer-Heyrovsky (Figure 1.6) and HOR follow the reverse reactions.’® In the alkaline condition,
because of the low abundance of H*, the kinetic barrier for water dissociation has to be taken into
consideration. The reaction pathway can be rewritten as (Figure 1.6).°® Depends on which
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elementary is the rds, HER/HOR has highly different Tafel slopes and kinetics expression.”® In the
acidic condition, due to the high abundance of H', the rate of the Volmer step is much higher than
the rate of the Tafel step and hence the Tafel becomes the rds. The Tafel slope of HER/HOR that
follows the Volmer-Tafel (rds) pathway in acid is calculated to be 30 mV/dec, which matches most
of the experimentally observed Tafel slopes.>** Therefore the reaction mechanism of HER of Pt
in the acidic electrolyte is usually believed to be the Volmer-Tafel pathway. However, the
HER/HOR that follow different pathways but are all under diffusion control usually shows the
same Tafel slope. In the acidic conditions, because the HER/HOR reaction rate is rapid and the
reaction is partially limited by the concentration and the mass transfer of Ha, therefore the
HER/HOR polarization curve is highly overlapped with the diffusion-controlled polarization curve
and hence it is difficult to distinguish whether the measured HER/HOR process is under Volmer-
Tafel (rds) pathway or diffusion control. In the alkaline condition, the Volmer step is believed to
be the rds due to the high kinetic barrier for HO-H dissociation.®! Thus, the possible pathway in
the alkaline condition is the Volmer (rds)-Tafel process with a Tafel slope of 118 mV/ dec. This

matched perfectly with the experimental Tafel slope test on the single crystal crystalline Pt

electrode.?®
In acid
0‘1 T T T T T T T
Volmer H +e +*=H, (1) 102} Zﬁ‘?'ff'!u‘f?!l'?e 1
Tafel H,+H,=H,+2x* @) 107} !
Heyrovsky H,+H +e =H,+* (3) =107 :
) ) £
10°
In base ii;’ [ ]
-6
Volmer H,0+e +*=H, +OH 4) T Nb @ i
107
Tafel H,y+H,=H,+2x* ) [ !
10°} ; 1
Heyrovsky H., +H,0+e =H,+OH +* (6) TR S Y | Y
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Figure 1.6. Reaction pathways of HER/HOR in acid and base. Adapted from Ref 58 (Left) and Volcano
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plot of HOR/HER exchange current density vs. AGys. Pt exhibit the optimal adsorption energy of H"

Adapted from Ref 3.

To date, Pt is still the best HER/HOR active element in the natural world because of the
optimal adsorption energy of H" on its surface (Figure 1.6).> Both the adsorption and desorption
of the key intermediate H" are ultrafast on the Pt surface, especially in the acidic condition where
protons are abundant. Nonetheless, in the acidic condition, precious metals are the only reliable
catalysts for and ORR in fuel cells and OER in the water electrolyzer, yet still with significant
overpotential. On the other hand, ORR and OER in the alkaline condition are much more favored
even with non-precious metal (Ni, Fe, Co, etc.) and single-atom Fe-NC -catalysts, which
significantly saves the cost of catalysts from the oxygen side.®*% Moreover, the low-cost and
durable anion exchange membrane (AEM) technique has also been rapidly developed in recent
years, providing solid technical support for developing efficient AEM assembles.®*%* Therefore,
there is more motivation to conduct water electrolysis in the alkaline condition from ORR/OER
and membrane perspective. However, the HER/HOR activity of Pt is highly pH-dependent and
decreases over two orders of magnitude when pH increases from 1 to 14.% Thus, the sluggish
HER/HOR reaction in the alkaline electrolyte becomes the most critical issue in developing

AEMEFCs and alkaline water electrolytic devices.
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Figure 1.7. Correlating the hydrogen oxidation/evolution activity to the hydrogen binding energy renders
a monotonic decreasing hydrogen oxidation/evolution activity with the hydrogen binding energy. Adapted

from Ref 67.

The reasons for the discrepancy of HER/HOR activity in the acid and alkaline electrolyte
are still under debate. Hydrogen binding energy (HBE) theory focuses on the surface binding
energy of hydrogen. The monotonic correlation between the positive shift of the hydrogen
desorption peaks and the increased pH, as well as between the decreased HER/HOR rate and the
increased pH indicates that the HBE is the only parameter for governing the HER/HOR in full pH
range (Figure 1.7).5"® Hence, the HBE of Pt in alkaline condition deviates from its optimal
position, which results in a decreased HER/HOR activity. Durst et al. concluded that the reaction
mechanism in both acid and base should be identical except in the base the Heyroveky and Volmer
steps are followed by a rapid neutralization.’®%® However, HBE theory fails to explain the
questions that the HBE of Pt (111) does not shift as pH increases but still possesses a similar
HER/HOR activity trend.® Also, the statement that high HBE slows down the oxidative desorption
of H* to water on the HOR branch is reasonable. But on the HER branch, based on the energy
diagram, it should mainly slow down the Tafel step and thus cannot explain that the Tafel slope
changes from 30 mv/dec to 120 mv/dec from pH 1 to 13. It has been reported that fabricating the
Ru@Pt and Ni@Pt core-shell structure with a clean Pt surface leads to the negative shift of the
Hupd peak potential and the enhancement of the HER and HOR activity because of the compress
strain formed at the interface weaken the Pt-H binding strength.”®’! These results were used to be
considered as the exclusive evidence for the HBE theory. However, some following studies
suggested that the clean Pt surface may be doped with a trace amount of Ru during the atom

rearrangement during the electrochemical CV test, thus these results cannot exclude the possibility
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of a bifunctional mechanism in which the HBE is not the key descriptor that accounts for the

activity drop.”

AGy sq = constant * N L =
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Figure 1.8. The trend of HER activity trend as a function of transitional metals. Adapted from Ref 25.

On the other hand, the bifunctional theory proposed that it is the activation barrier of water
dissociation that accounts for the activity decrease. In the alkaline condition, the H20 is required
to dissociate to generate H" for Hags in HER (Volmer step) and the OH™ for removal of Hadgs from
the Pt surface. Markovic reported a pioneer work that fabricates the Pt-transition metal hydroxides
(Ni(OH)2, Co(OH)2, and Fe(OH)2) interface on the Pt (111) polycrystalline electrode (Figure
1.8).% Pt electrode with Ni(OH)2 on the surface enhances the HER activity by a factor of 7. They
proposed that the water dissociation is significantly promoted at the interface where Ni sites are
responsible for the adsorption of OH and Pt is responsible for the adsorption of H. Markov further
explore the structure-activity relationship between the bonding strength of OHat-M?>" and
concludes that only with optimal OHa¢-M?**® bonding strength will the HER reach the maximum
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activity and the OHa¢-M?*? binding strength should be the universal descriptor for HER (Figure
1.8)." A similar conclusion was made by Jia’s group on the HOR branch as well.”® The existence

of early existed OHads is also proved by a recent study by Jia’s group.”

'E
pH.
pzfc P =0 pH—Vi
§ soft DL
rigid DL
URHE
HER

Figure 1.9. The PFZC moves to more positive potential vs. RHE leaving a more negative charged surface

and a more rigid double layer. Adapted from Ref 75.

Another theory to explain the activity discrepancy is based on the potential of zero free
charges (PZFC). The PZFC positively shifts by 59 mv/pH vs. RHE while increasing the pH value
of electrolyte(Figure 1.9).%7>75 As PZFC shifts to a more positive value, the electrode surface is
slightly negatively it becomes more difficult for OHadas/H20, to adsorb on the Pt surface, which
hinders H20 dissociation in HER or the removal of Hags in HOR.”> With enhanced surface
oxophilicity, the interaction between the O atoms in the OH/H20, and Hads on the Pt surface
facilitates the removal of the Hads and thus accelerates the HOR rate. In the case of HER, the water
dissociation is the rds in the alkaline condition. With higher surface oxophilicity, the OH/H20; will
get readily adsorbed on the surface with the configuration that the O atom stays on the transition
metal site and one H atom stays on the neighboring Pt site.”® Such configuration weakens the H-

OH bond and thus facilitates the water dissociation step and enhances the HER activity. Therefore,
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the surface oxophilicity enhancement resulted from the surface decoration is vital for tuning the

HER/HOR activity in the alkaline condition.*!
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Figure 1.10. (A) Pt-NiO interface. Adapted from Ref 8. (B) NiPt-NiS interface. Adapted from Ref 80. (C)

Pt-Co(OH); interface. Adapted from Ref 81.

Based on the above theory, although some mechanisms details are under debate, it is well
recognized that Pt surface and interface engineering is an effective strategy to enhance the
HER/HOR activity. Pt (111) with Pt nanoisland decoration exhibit significantly higher HER/HOR
activity compared with pristine Pt (111) because the step sites and edge sites preferred to adsorb
OH compared with the flat surface.”®”” PtNiO octahedra after annealing the PtNi octahedra in the
air possesses higher HER than the PtNi (Figure 1.10A), further indicating that it is the Ni?* rather
than Ni that has the synergetic effect.® Highly strained Pt island on branched Ni nanoparticles

exhibit weaker H bonding strength and thus boost the HER activity.”® Pt nanostructures, such as
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PtNi-S nanowires,”® PtsNi-NiS nanowires,*® NiPt3@NiS hetero-nanostructures (Figure 1.10B),%
with Pt-NiS interface also shows enhanced HER activity compared with that of Pt and PtNi.
Co(OH)2@ Pt further enhances the activity and durability (Figure 1.10C).*' Our group has
developed a unique single-atom tailoring strategy to maximize the abundance of the Pt-Ni interface
and achieve the highest HER activity so far.3? In a step further, we developed Pt@Ni(OH): core-
shell structure with thick water/ion-permeable Ni(OH): layer on the Pt tetrapods. Besides, we have
developed single-atom Rh tailored Pt nanowires for efficient HOR. and we will discuss these

projects in detail in Chapter 2.
1.4.2 Alcohol Oxidation

In addition to the alkaline HER/HOR, the activity of Pt catalysts for methanol oxidation
reaction (MOR), which is the anode reaction in direct methanol fuel cells (DMFCs), is also found
to be surface oxohilicity dependent. Using liquid methanol as the fuel, the DMFCs have attracted
considerable attention due to the high-volume energy density of methanol (15.6 MJ/L) compared
with hydrogen gas (5-5.6 MJ/L) and the ease in handling and storage.®*-%¢ However, MOR is
significantly more difficult than HOR in hydrogen FCs.*!¥” Despite considerable efforts since the
1970s, the adoption of DMFC is still seriously limited by large overpotential (0.6 V vs. RHE) for
MOR on the anode and the extremely low catalytic activity stability due to the poisoning by various
intermediates such as CO.®% To address the challenges, a better fundamental mechanistic
understanding is necessary to identify the intermediates, products, rate-determining steps, and

89-97

poisoning species during MOR on Pt surface; and to develop catalysts by modifying Pt surface

to achieve lower overpotential, higher activity, and better durability.!8-31-98-104
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W Pt + HO —> Pt(OH), + H" + ¢

Pt + (CHyOH)gppy ——  Pt-(CH;OH),,,
Indirect ==

Pt-(CHyOH)yyy — 5  P(CO)y, + Hy" + €

Pt + HO — Pt(OH), + H" + ¢
Direct

P-(CH;OH)ys + Pt-OH)yy — pt + CO, + Hy' + ¢

Figure 1.11. The two reaction pathways of MOR on the Pt surface, including the direct pathway and the

indirect pathway. Both pathways require the Pt-OH to trigger on. Adapted from Ref 108.

Several reaction pathways have been proposed for MOR on Pt surface, owing to the recent

)94,96,97,105,106 and

development of in situ technologies (e.g. in-situ infrared spectroscopy (IR
differential electrochemical mass spectrometry technique (DEMS).'”” The proposed MOR
pathways include 1) the direct pathway in which the methanol is directly oxidized to formic acid
and CO2 under the help of Pt-OH,¥”!1% and 2) the indirect pathway in which the methanol is first
dehydrogenated on Pt to be Pt-CO which then is further oxidized with the existence of Pt-OH
(Figure 1.11).371% It is proposed that the oxophilicity of the Pt surface sets a limit on the
minimum methanol oxidation overpotential and the activity. Intrinsically Pt only starts to
adsorb OH at potentials higher than 0.6 V vs RHE?, therefore MOR will only be triggered after
0.6V.?” Additionally, the resistance to CO poisoning in MOR also relies on the oxophilicity of the

Pt catalyst surface.!!'" Thus, modifying the oxophilicity of Pt surface to initiate the MOR at

low overpotential offers a plausible pathway to overcoming the challenges of MOR.
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Figure 1.12. The trend in overpotential for CO oxidation is shown as a function of the 3d transition
elements. Top inset: a comparison of the CO oxidation onset overpotential for Pt (111) and Co
decorated Pt (111). Bottom inset: A schematic showing the L-H mechanism for CO oxidation.

Adapted from Ref. 25.

For example, modifying Pt(111) electrode with transition metal hydroxides (e.g., Ni(OH)2
and Co(OH)2) have been shown to greatly modify the OH adsorption/desorption and can lower the
overpotential of CO oxidation by more than 300 mV (Figure. 1.12) when compared to
undecorated Pt(111).%° As illustrated in Figure 1.12, the adsorbed CO on Pt interacts with the
transition metal hydroxide and get readily oxidized with the help of the OH adsorbed by transition
metal with positive charge (OHad-M?*).!” Inspired by this study, Pt/transition metal interfaces have
been explored for MOR.>""!""!"113 Huang et al. developed Pt-Ni(OH)2-graphene ternary hybrid for

highly durable MOR in alkaline conditions.'® The Ni(OH): facilitates the oxidative removal of the
20



carbonaceous poison on the adjacent Pt sites and the graphene ensures the efficient charge transfer.
Sung et al. have designed and synthesis Pt-SnO2-Rh ternary EOR catalysts with Pt for Ethanol
adsorption and oxidation, Rh for C-C bond cleavage, and SnO: for oxidative removal of
carbonaceous poison.** Apart from the interface of the Pt-metal oxide, Pt-metal interface in which
the oxophilicity of the metal (usually precious metal) is higher than Pt can also enhance both the
activity. PtRu, PtAg, and PtCu alloy possess much higher MOR activity and CO tolerance
compared with Pt and can survive in the acidic condition.?>®!12 Adding Cu to the PtNi has been
reported to be an effective method to alleviate the dissolution of Ni and improve the stability of

catalysts.!14!13

Single crystal electrode studies have confirmed that the MOR performances in alkaline
media follow the order of (100) < (110) < (111) on Pt and Pt (111) facet also has much less
deactivation due to much less CO poisoning as demonstrated from in-situ FTIR.* {111}
terminated PtRu nanowires exhibit much higher than the {100} terminated PtRu nanocubes.'!® For
EOR on Pt single crystal electrode, Pt (111) also demonstrates optimized performance compared
with Pt (110) and (111) single crystal electrodes as well as much higher selectivity for C1 pathway
from in-situ FTIR.!!"-!® This trend is further convinced for the Pt-based nanomaterials and Hu et

al. reported ultrasmall Pt nanoparticles with precise control for the sizes and dominant-facets.
1.5 Overview of the Dissertation

In this dissertation, I will mainly focus on the surface/interface engineering of Pt

nanocatalysts for three typical reactions, HER/HOR and MOR.

In chapter 2, I will introduce the single atom tailoring strategy for the synthesis of single-

atom Ni tailored Pt nanowires (SANi-PtNWs). We use the electrochemical dealloying approach to
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gradually remove the second metal (e.g. Ni) atoms from PtM alloy nanowires to produce SANi-
nanowires. Characterizations such as high-resolution transmission electron microscopy (HRTEM),
HAADEF-STEM, Electron energy loss spectroscopy (EELs) inductively coupled plasma (ICP),
extended X-ray absorption fine structure (EXAFS), efc. were used to determine the shape, surface
morphology, composition, and atomic structure of the catalysts. Electrochemical tests combined
with DFT calculations were performed to evaluate its HER and MOR activity and study the

reaction mechanism behind.

In chapter 3, we will discuss our developed bottom-up direct synthesis methods that can
control the coordination structure of surface heteroatom and prepared SARu-Pt NWs. Apart from
the previous ex-situ characterization methods used in SANi nanowires, we use in-situ XAS to
characterize the adsorbed OH or H20 under the HOR regime to unravel the mechanism of
exceptional high HOR activity of SARh-PtNWs, compared with both pure Pt surface, Rh-rich

PtRh surface, and pure Rh surface.

In chapter 4. We will discuss the fabrication and application of the core-shell type
Pt@Ni(OH). framework for HER. The Ni(OH): shell is found to be water and ion-permeable and
will not block the Pt sites underneath the thick Ni(OH):2 layer from accessing the electrolyte, thus
this structure combines the high ECSA and high specific activity to deliver the highest mass
activity that even surpass the SANi-Pt NWs. During the synthesis of this core-shell structure, We
further developed a synthesis protocol that can tune the final shape of the product to be tetrahedra

or octahedra via kinetic control.
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CHAPTER 2. SINGLE-ATOM TAILORING OF PLATINUM NANOCATALYSTS FOR

HIGH-PERFORMANCE MULTIFUNCTIONAL ELECTROCATALYSIS
2.1 Introduction

Platinum represents the most iconic element for various energy-related electrocatalytic
systems, such as hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), methanol
oxidation reaction (MOR), and ethanol oxidation reactions (EOR).!"'* The intrinsic electrocatalytic
activity and stability of Pt make it the most widely studied material for diverse electrochemical
reactions. However, its high cost and scarcity seriously limit the practical applications of the Pt-
based electrocatalysts and widespread adoption of the relevant technologies. Thus, a central
challenge for all the Pt-powered reactions is how to substantially reduce the required amount of Pt
in the catalysts, which demands a major leap in Pt mass activity (MA) (i.e., the catalytic current

per unit mass of Pt).

The MA is fundamentally determined by the product of the electrochemically active
surface area (ECSA, normalized by mass) and the specific activity (SA, catalytic current
normalized by ECSA). Considerable efforts have been placed on improving the ECSA by tailoring
various geometrical factors, including creating ultrafine nanostructures or core/shell
nanostructures with an ultrathin Pt skin to expose most Pt atoms on the surface for catalytic
reactions.!>2! In parallel, intensive efforts have been devoted to optimizing the SA for various
electrochemical processes by tuning the chemical compositions, exposed catalytic surface, and
surface topology'%??*, In particular, surface modification/decoration of the existing Pt catalysts
represents an interesting pathway to tailor the electrocatalytic activity. For example, combining Pt-
based material with transition metal hydroxides (e.g., Ni(OH)2) has been shown to greatly enhance

SA for HER and MOR in alkaline electrolytes.!>°2° However, such modification inevitably blocks
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some surface active sites and often results in a relatively small ECSA (~20-60 m?/gp:, typically
with 30-50% lower than those without modification).!?” This represents an intrinsic dilemma for
the surface modification strategy, which may tailor the local electronic structure to boost the SA
for a given reaction, but usually at a substantial sacrifice of the ECSA. Together, these competing
factors make it extremely challenging to simultaneously achieve a high SA and a high ECSA in

the same catalyst system, which is necessary for delivering a high MA.

() Regular Pt (111) sites @ Pt (111) sites next to Ni © Ni

C Surface Pt | Surface Pt | Pt sites Pt sites Pt sites
sites before| sites after | with Ni w/o Ni blocked
decoration | decoration | neighbor | neighbor by Ni
SANi-decorated
Pt surface 1394 1204 933 271 190
Ni NPs decorated
Pt Surface 1394 557 356 201 837

Figure 2.1. A simplified model of Pt (111) surface decorated by (A) single Ni atom species [Ni(OH), species,
simplified as Ni] and (B) 1-2 nm nanoparticles, with grey representing regular Pt (111) surface site, red
representing activated Pt atoms with Ni neighbor, and green representing sites blocked by Ni. (C)
Comparing different types of Pt sites for the single atom and nanoparticle decorated Pt surface in the
simplified model in a and b. For a Pt (111) surface with a total 1394 Pt sites decorated with 190 single Ni
atoms (green), there are a total of 1204 exposed Pt atoms, with 933 having a Ni neighbor (red) and 271
having no Ni neighbor (blue); while for the same Pt (111) surface (a total of 1394 initial Pt surface sites)
decorated with 1-2 nm Ni nanoparticles, there are only 557 exposed Pt atoms on the surface, with 356

having a Ni neighbor and 201 without Ni neighbor. This comparison highlights the single atom
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modifications activate a lot more surface sites (with Ni neighbors) while blocking much fewer Pt sites.

In general, for Pt nanocatalysts decorated with a given transition metal (e.g., nickel) species,
in which the nickel-based nanostructures function as the catalyst promoter to enhance the catalytic
activity of nearby surface Pt atoms, it is important to minimize the size of the decorating species
to prevent unnecessary blockage of surface Pt sites while creating the most activated Pt site with
nickel neighbors for enhanced SA. In this regard, the ultimate limit of the decorating species is
single atoms, which uses the smallest number of nickel species to activate the most Pt atoms while
blocking the least amount of surface Pt sites to ensure the highest mass activity (Figure 2.1).
However, the creation of the single-atom decorated Pt surface is challenging with typical synthetic

approaches and has not been realized to date.

@ Ptwith Nineighbor @) Pt without Ni neighbor @ Ni

Figure 2.2. The schematic diagram for SANi-PtNWs. The decoration of ultrafine PtNWs with single atomic
nickel species tailors the local electronic structure to boost the specific catalytic activity for diverse
electrochemical reactions with minimal sacrifice in the number of surface-active sites. Grey atoms represent
regular Pt (111) surface sites, green atoms represent isolated Ni sites (Ni is liganded to two OH groups in
electrocatalytic conditions), and red atoms represent activated Pt atoms with Ni neighbor as catalytically

hot sites.

Herein, by starting with PtNi alloy nanowires and using a partial electrochemical
dealloying approach, we create single-atom nickel modified Pt nanowires (SANi-PtNWs) with
abundant activated Pt sites next to SANi and minimal blockage of the surface Pt sites (Figure 2.2),

thus enabling a unique design of single-atom tailored Pt electrocatalysts with an optimum
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combination of SA and ECSA to deliver high MA for diverse electrochemical reactions including
hydrogen evolution reaction (HER), methanol oxidation reaction (MOR), and ethanol oxidation
reaction (EOR), with high catalyst durability. Importantly, we show that the resulting SANi-PtNWs
display a substantially increased MA of 11.8 + 0.43 A/mgp: for HER at -70 mV vs. RHE at pH 14
(comparing with the previous record of 3.03 A/mgpi)’. Density functional theory (DFT)
calculations reveal that all Pt atoms around SANi show a reduced hydrogen binding energy and
are optimal for HER. We further show that such single atomic modification also greatly enhances
the catalytic activity for both MOR and EOR to deliver a mass activity of 7.93 + 0.45 A/mgpt and
5.60 + 0.27 A/mgp: (vs. previous records of 2.92 A/mgp: and 2.95 A/mgpi)®°, respectively. These
studies demonstrate that the single-atom tailoring approach offers a general strategy for creating

highly efficient electrocatalysts for diverse reactions.
2.2 Experiment Section

Synthesis of PtNi alloy NWs. All chemicals were purchased from Sigma-Aldrich unless otherwise
specified. In a typical synthesis, 20 mg Pt(acac)2 and 40 mg Ni(acac): were mixed with 130 mg
glucose, 1.7 mg W(CO)s and 60 mg PVP-40 in a glass vial, with 5 ml of oleylamine and octadecene
(3:2 volume ratio) as co-solvent. The mixture was heated to 140 °C for 6 hours to form Pt-NiO
core-shell nanowires. The result nanowires were collected via centrifuge at 7000 rpm for 20 min.
After loading the nanowires on carbon black, the catalysts were then annealed under 450 °C in
argon/hydrogen (97:3) atmosphere for 12 hours to obtain the PtNi alloy nanowires supported on

carbon black.

Material Characterizations. High spatial resolution STEM-EELS experiments were conducted
by Nion UltraSTEM-200, equipped with C3/C5 corrector and high-energy resolution

monochromated EELS system. The instrument was operated at 60 kV with a convergence semi-
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angle of 30 mrad and a beam current of ~100 pA. HAADF-STEM imaging was performed using
an inner and outer collection semi-angle of 70 and 210 mrad. EELS measurement was carried out
using a dispersion of 0.26 eV/channel and the dwell time of 0.5 s/pixel. Background in each
spectrum was removed by power-law function in commercial software package Digital

Micrograph.

X-ray absorption data analysis. The X-ray absorption fine structure spectra for Ni K-edge and
Pt L-edge EXAFS data were recorded at the microprobe beamline 10.3.2 of the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory (LBNL). The storage ring was operated in
top-off mode (1.9 GeV and 500 mA). Using a Si (111) monochromator, the data collection was
carried out in fluorescence mode for all samples under ambient conditions. The beam spot size
was 15x3 um? for XANES and EXAFS measurements. The acquired EXAFS data were processed
according to the standard procedures using the ATHENA module implemented in the IFEFFIT
software packages. The k*-weighted EXAFS spectra were obtained by subtracting the post-edge
background from the overall absorption and then normalizing with respect to the edge-jump step.
Subsequently, k*>-weighted y(k) data were Fourier transformed to real (R) space using a hanning
windows (dk=1.0 A™!) to separate the EXAFS contributions from different coordination shells. To
obtain the quantitative structural parameters around central atoms, least-square curve parameter

fitting was performed using the ARTEMIS module of the IFEFFIT software packages.

The following EXAFS equation was used:

SF (k , . 2R
x(k)= ZWexp[—Zk o ;lexpl l(gj]sin[Zk R+ ¢_,- (k)] (1)
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So? is the amplitude reduction factor, Fj(k) is the effective curved-wave backscattering amplitude,
N; is the number of neighbors in the j atomic shell, R; is the distance between the X-ray absorbing
central atom and the atoms in the j* atomic shell (backscatterer), 1 is the mean free path in A, ¢
j(k) 1s the phase shift (including the phase shift for each shell and the total central atom phase shift),
oj is the Debye-Waller parameter of the j” atomic shell (variation of distances around the average

Rj). The functions Fj(k), A and ¢ j(k) were calculated with the ab initio code FEFFS.2.

Electrochemical measurements for HER. To prepare the SANi-PINW catalyst ink, 2 mg
catalysts (SANi-PtNWs on Vulcan 72 carbon black) were dispersed in 2 mL pure ethanol. 20 pL
Nafion 117 solution was added to the ink as the binder. 30 puL ink was drop-cast on the glassy
carbon electrode (0.196 cm?). For Pt/C, 2 mg Pt/C (10% Pt/C purchased from Alfa Aesar) were
dispersed in 2 mL pure ethanol, with 20 uLL Nafion 117 solution added as the binder. 10 uL Pt/C
ink was drop-cast on the glassy carbon electrode (0.196 cm?). The Pt loading on RDE for Pt/C,
pure-PtNWs, and SANi-PtNWs was 3.0 pg/cm?, 2.0 pg/cm?, and 2.0 pg/cm? respectively for RDE
test. Alkaline/mercury oxide electrode was used as the reference electrode, and graphite rod was
used as the counter electrode. The reference electrode calibration was completed in Hz-saturated 1
M KOH at room temperature. 1600 rpm rotation speed was applied on working RDE to get rid of
generated bubble during the performance test. The ECSA was determined by Hupd at 0.05 V —0.35
V vs. RHE in 0.1 M HCIO4. The specific and mass current densities were normalized by the ECSA

and total Pt loading.

Electrochemical measurements for MOR and EOR. Alkaline/mercury oxide electrode was
used as the reference electrode, and graphite rod was used as the counter electrode. The reference
electrode calibration was completed in Hz-saturated 1 M KOH at room temperature. 1 M methanol
and ethanol were added to the electrolyte as the reactant for MOR and EOR, respectively. The Pt
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loading on RDE for Pt/C, pure-PtNWs, and SANi-PtNWs was 3.0 ug/cm?, 3.47 ug/cm?, and 3.47
ng/cm?, respectively. The ECSA was determined by Hupa at 0.05 V — 0.35 V vs. RHE in 0.1M

HCIOa. The specific and mass current densities were normalized by the ECSA and total Pt loading.

Electrochemical measurements for acidic CO stripping. The CV dealloying cycles were
interrupted at 10%, 50, 100, 150, 180™ and 200" cycles. Before each CO stripping measurement,
we firstly performed chronoamperometry at 0.05 V vs. RHE in CO saturated electrolyte (0.1 M
HCIO4) for 10 min. Then we performed chronoamperometry at 0.05 V vs. RHE in N2 saturated
electrolyte (0.1 M HClO4) for 10 min. The CO stripping CV scan range was setin 0.05Vto 1.1V
vs. RHE with a positive-scan starting direction. The scan rate was set to 50 mV/s. Ag/AgCl

electrode was used as the reference electrode, and graphite rod was used as the counter electrode.

Electrochemical measurements for alkaline CO stripping. For the alkaline CO striping
experiment, we first performed chronoamperometry at 0.05 V vs. RHE in CO saturated electrolyte
(1 M KOH) for 15 min. After the current reached to a steady-state, we then performed
chronoamperometry at 0.05 V vs. RHE in N2 saturated electrolyte (1 M KOH) for 10 min. The CO
stripping CV scan range was set between 0.05 V to 1.1 V vs. RHE with a positive-scan starting
direction. The scan rate was set to 25 mV/s. alkaline/mercury oxide electrode. The graphite rod

was used as the counter electrode.

Computational details All the DFT calculations are carried out by VASP*#? with the PBE

exchange-correlation functional®

. The one-electron wavefunction is developed on a plane wave
basis set with a 450 eV energy cut-off. The reciprocal space is sampled using a 5x5x1 K-point

grid for systems with 4x4 or 5x5 unit cell, and 7x7x%1 K-points for systems with 3%3 unit cell. All

model slabs contain 5 layers. For the models with cavities, the top three layers are fully relaxed,
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while for the models with Ni(OH)2 decoration, the top two layers are relaxed. The convergence

threshold on atomic forces is 0.01 eV/A.
Calculation of adsorption free energy

The adsorption free energy of Hz is calculated by equation (2):
AG.,, = G(slab+nH) - G(slab) — % G(H,) @)

G is the Gibbs free energy, and » is the number of adsorbed H atoms. We used the following

equations to calculate the free energies:

G(slab+nH) = E(slab+nH) + ZPE (n*H) + TSyip(n*H) A3)
G(slab) = E(slab) 4)
G(H,) = E(H,)+ ZPE(H,)+ TS(H,) )

In equation (3), E(slab+nH) is the electronic energy of the metal slab with adsorbed H atoms, *H
means the adsorbed H atom, ZPE (n*H) means the zero point energy of n adsorbed H atoms, T is
the temperature, and Svi» is the vibrational entropy. The latter two terms are calculated from the

vibrational frequencies v; of the adsorbed H atoms by using equations (6) and (7):

3n th
ZPE(n*H)= 27' (6)
i=1

Sup(n*H) = i hv, exp(—hv, / 2k,T)
" ke, T[1—exp(—hv, | 2k,T)]

i=1

—In[1—exp(~hv, /2kBT)]} 7

When calculating the vibrational frequencies of multiple adsorbed H atoms, the slab thickness was

reduced by one layer to reduce the computational cost.

38



Relative free energy with respect to Pt (111) AGu — AGe™ 'V (AAG), are calculated using a 5

layer Pt (111) surface with 4x4 unit cell.

Calculation of adsorption free energy in the solution with the effect of applied potential and

pH.
AG = G(slab+nH) — G(slab) - gG(Hz )—nu,. @®)

U, =—eUg, —2.3kTpH )

We used equation (8) to calculate the adsorption free energy with the impact of the reduction
potential on the electrode, where the first three terms on the right side are the same as the terms in
equation (2), the term py+, .- is the chemical potential of hydrogen ion and electron, which is

calculated using equation (9)*. Uske is the potential vs. standard hydrogen electrode.
2.3 Synthesis and Structure Characterization

A simple one-pot synthetic procedure followed by an annealing process in argon/hydrogen
mixture (Ar/Hz: 97/3) was used to produce the Ni-rich PtNi alloy NWs (composition ~Pt17Nis3)
with an average length of ~300 nm and diameter of ~4.5 nm (Figure 2.3A). The resulted PtNi
NWs were dispersed on carbon support in ethanol to form the catalyst ink, which was then cast
onto glassy carbon rotating disk electrode (RDE, geometry area = 0.196 cm?) to form a
homogeneous film. An electrochemical dealloying process was performed via cyclic voltammetry
(CV) between 0.05 V - 1.10 V vs. RHE in 0.1 M HCIlO4 to gradually remove nickel species. The
ECSA gradually increases with the increasing number of CV cycles and eventually saturates at
about 112.9 + 5.4 m*/gp: after 200 CV cycles (Figure 2.3C and D), which indicates the completion

of the dealloying process to obtain pure Pt NWs (pure-PtNW5s)!'?. Such an ECSA evolution trend
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was also confirmed by acidic CO stripping experiments (Figure 2.3E, F). The average diameter

is reduced from ~4.5 nm before to ~2.0 nm after the complete dealloying process (Figure 2.3B).
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Figure 2.3. (A) TEM images of PtNi alloy nanowire and (B) TEM images of SANi-PtNWs. (C) CV in 0.1
M HCIO; of PtNi alloy NWs at different scan cycles. (D) ECSA evolution of the nanowire samples with
the increasing number of dealloying CV cycles (error bars showing the variations from 10 independent
batches). (E) The acidic CO stripping curves for Pt;7Nig; nanowires de-alloyed at different cycles. (F)
Comparison of the ECSA evolution (vs. the number of dealloying CV cycles) derived from Hupd and CO
stripping, respectively. (g) HER polarization curve for Pt/C and PtNi nanowires dealloyed with different
numbers of CV cycles. (H) The mass activity of the dealloyed nanowires as a function of the number CV
cycles, with the peak HER activity achieved after the 180™ CV cycles, when the surface decorating species
is in single atomic state to ensure maximum activation and the least surface blockage. Error bars in D and

H indicate the standard deviation from ten independent samples.

To tailor the nickel decoration in the resulting PtNWs, we interrupt the acidic CV
dealloying process periodically to produce PtNWs with different amounts of nickel decorating
species, which was then transferred into nitrogen-saturated 1 M KOH for 100 additional CV cycles
between 0.05 V — 1.6 V for further activation. The resulting dealloyed NWs with selectively

decorated Ni species are generally stable in the basic conditions, in which their catalytic
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performance is evaluated. We have initially used HER as a model reaction to evaluate the activity
of the resulting PtNW catalysts with varying amounts of nickel species (Figure 2.3G) and
discovered that the peak performance is achieved at 180 acidic dealloying CV cycles. Too much
(<180 cycles) or too little (>180 cycles) nickel species would reduce the overall HER activity
(Figure 2.3H). The produced Ni species are stable in basic conditions. We have thus focused our
discussion on this optimum material produced with 180 dealloying CV cycles unless otherwise

specifically mentioned.

A high-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM) was conducted to probe the atomic structure of the resulting material. The HAADF-STEM
shows an ultrafine 1D crystalline configuration with rich surface defects, concave cavity sites and
steps as highlighted by white arrows (Figure 2.4A). HAADF-STEM image shows that the (111)
spacing is 0.225 nm (Figure 2.4A), about 2.2 % smaller than that of crystalline Pt (0.230 nm). The
composition analysis by inductively coupled plasma atomic emission spectrometry (ICP-AES)
reveal an overall Pt:Ni ratio of 92:8 for SANi-PtNWs, corresponding to 2.4 Ni atoms per square
nanometer surface area. Considering the Pt surface atom density around 15 Pt/nm?, the surface
Ni:Pt atom ratio is around 1:6. Electron energy loss spectroscopy (EELS) elemental mapping of
Ni (Figure 2.4B) and that overlaid on Pt HAADF contrast image (Figure 2.4C) reveals that the

nickel atoms are sparsely distributed on the PtNWs.
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Figure 2.4. Structural characterization of the SANi-PtNWs. (A) HAADF-STEM image of SANi-PtNWs,
with the white arrows highlight the surface defects, steps, and concave cavity sites. (B) Ni EELS mapping.
(C) Overlaid image of Ni-EELS mapping on Pt, with red representing Pt and green representing Ni. (D) Pt

EXAFS fitting result and (e) Ni EXAFS fitting result.

We have further conducted the X-ray absorption fine structure (XAFS) and X-ray
absorption near edge structure (XANES) measurements to probe the local atomistic and electronic
structures. The oxidation state of Pt can be probed by the white line intensity at Pt L3-edge in
XANES spectra.?®?° The Pt XANES result shows that the white line intensity of our sample
(Figure 2.5A) is close to that of a Pt foil, indicating that the average oxidation state of Pt is mostly
zero. The Pt extended X-ray absorption fine structure (EXAFS) fitting result shows a main peak

at about 2.74 A (Figure 2.4D, Table 2.1), which is about 1.8 % smaller than the Pt-Pt bond length
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in bulk Pt (2.79 A in Pt foil), consistent with the TEM studies described above and previous

report.'”
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Figure 2.5. (A) XANES spectra of Pt L3-edge and (B) XANES spectra of Ni K-edge. (¢) The XPS result

for Ni 2p of SANi-PtNWs post electrocatalytic test.

Table 2.1. Structural parameters extracted from the Pt L;-edge EXAFS fitting. (S¢*=0.78)

Sample Scattering CN R(A) c*(107A%) AEo(eV) R factor
pair

SANi- 0.01

PINWS Pt-Pt 8.9 2.74 7.1 5.4

Pt foil Pt-Pt 12* 2.79 4.3 7.7 0.0062

PtO; bulk Pt-O 2% 1.97 3.2 75

Pt-O 4* 2.05 4.1 ) 0.0043
Pt-Pt 2% 3.12 34 13.6

S¢* is the amplitude reduction factor; CN is the coordination number; R is the interatomic distance (the bond
length between Pt central atoms and surrounding coordination atoms); 6> is Debye-Waller factor (a measure
of thermal and static disorder in absorber-scatterer distances); AE, is edge-energy shift (the difference
between the zero kinetic energy value of the sample and that of the theoretical model). R factor is used to
value the goodness of the fitting. * This value was fixed during EXAFS fitting, based on the known structure
of Pt metal and PtO; bulk. Error bounds that characterize the structural parameters obtained by EXAFS

spectroscopy were estimated as N £ 20%; R £ 1%; o* + 20%; AEy = 20%.

Table 2.2. Structural parameters extracted from the Ni K-edge EXAFS fitting (So*=0.77).

43



Scattering

Sample pair CN R(A) 6% (10°A?%) | AEy(eV) R factor
SANi- .

PNWs Ni-O 2.3 2.04 5.3 2.5 0.01

Ni foil Ni-Ni 12% 2.49 5.9 6.1 0.0013
Ni(OH)» Ni-O 6* 2.05 5.3 4.3

bulk Ni-Ni 6* 3.12 6.4 7.2 0.0038

S¢* is the amplitude reduction factor; CN is the coordination number; R is interatomic distance (the bond
length between Ni central atoms and surrounding coordination atoms); 6 is Debye-Waller factor (a measure
of thermal and static disorder in absorber-scatterer distances); AE, is edge-energy shift (the difference
between the zero kinetic energy value of the sample and that of the theoretical model). R factor is used to
value the goodness of the fitting. * This value was fixed during EXAFS fitting, based on the known structure
of Ni metal and Ni(OH), bulk.Error bounds that characterize the structural parameters obtained by EXAFS

spectroscopy were estimated as N £ 20%; R = 1%; 6* + 20%; AEy = 20%.

The XANES for Ni K-edge provides information on the oxidation state of Ni species based
on the absorption threshold position and white line intensity (due to the allowed 1s—4p
transition).*® The Ni K-edge XANES in our optimum material closely resembles that of Ni(OH)2
with slightly lower intensity (Figure 2.5B), suggesting the nickel species have an average
oxidation state close to two, and primarily exists as surface decorating species (an oxidation state
of zero is expected for the buried nickel). Further XPS studies also confirmed the 2+ oxidation
state of the Ni species (Figure 2.5C). The Ni EXAFS shows a single peak at 1.6 A (Figure 2.4E,
Table 2.2), which can be attributed to the first shell Ni-O bond. There is no obvious peak at 2.1 A
(for Ni-Ni coordination in metallic Ni) or 2.7 A (For Ni-O-Ni coordination in Ni(OH).) (Figure
2.4E), strongly confirming that the Ni species exist as single atomic species without long-range
coordination to another Ni center. The XANES and EXAFS hence demonstrate the successful

creation of single atom nickel modified PtNWs (SANi-PtNWs) catalysts.
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2.4 HER Measurements of the SANi-PtNWs
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Figure 2.6. Electrocatalytic performance of the SANi-PtNWs for HER compared against Pt/C and
pure-PtNWs in 1 M KOH electrolyte. (A) Cyclic voltammetry (CV) performed between 0.05 V —1.60 V
vs. RHE at a scan rate of 50 mV/s. (B) Electrochemically active surface area normalized and (C) Pt mass
loading normalized HER LSVs with 95% iR-compensation at the scan rate of 5 mV/s. (D) Pt mass
normalized HER Tafel-slope. (E) Comparison of ECSA (black arrow to the left), specific activities
(normalized by ECSA, green arrow to the right) and mass activities (normalized by Pt mass, purple arrow
to the right) for HER at -70 mV vs. RHE for all tested materials. (F) Comparison of HER mass activity of
the SANi-PtNWs at -70 mV vs. RHE with the state-of-art values reported previously. * The material in Ref.

3 was tested in 0.1 M KOH. Error bars in e and findicate the standard deviation of ten independent samples.

The HER activity of the SANi-PtNWSs was investigated by using the rotating disk electrode
(RDE) test and compared against the fully dealloyed pure-PtNWs and the commercial Pt/C (10

wt%). The CV studies of the SANi-PtNWs show two exclusive Ni*>*/Ni** redox peaks at 1.321 V
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(Ni** — Ni*") and 1.388 V (Ni** — Ni**) vs. RHE respectively (Figure 2.6A), which are absent
in the pure-PtNWs. These redox peaks are widely recognized as the signature of nickel species,*!?
which further confirms that the nickel species were successfully decorated on PtNWs. The
integration of the hydrogen absorption desorption region gives a high ECSA of the 106.2 + 4.5
m?/gpt for SANi-PtNWs, nearly comparable to that of the pure-PtNWs, and considerably larger
than those the previously reported Pt-Ni(OH)2 based nano-composites (ECSA~20-60 m?/gpy),-*

highlighting it is critical to precisely tune the number and structure of the decorating species to

prevent undesired blockage of surface reactive sites and ensure high ECSA.

The HER performance of SANi-PtNWs was further evaluated using linear sweep
voltammetry (LSV) at room temperature in 1 M Nz-saturated KOH with a scan rate of 5 mV/s and
compared against commercial Pt/C and pure-PtNWs (Figure 2.6B). The specific activities are 0.95,
6.11 £ 0.34, and 10.72 + 0.41 mA/cm? at -70 mV vs. RHE for the Pt/C, pure-PtNWs, and SANi-
PtNWs, respectively. It should be noted that the specific activities reported here are normalized to
the ECSA, in contrast to the electrode geometrical area used in some previous studies.? Meanwhile,
the LSV curves normalized by Pt mass give a mass activity of 0.71, 6.90 + 0.36, and 11.80 + 0.43
A/mgp: for Pt/C, pure-PtNWs, and SANi-PtNWs at -70 mV vs. RHE (Figure 2.6C). The Tafel
diagrams give a Tafel-slope of 60.3 mV/dec for the SANi-PtNWs compared to 78.1 mV/dec for
the PtNWs and 133.4 mV/dec for the Pt/C (Figure 2.6D), clearly demonstrating the considerably

improved HER kinetics with the single Ni atom decorated catalysts.
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Figure 2.7. HER performance of the SANi-PtNWs and Pt/C under harsher conditions. (A) ECSA
normalized HER LSVs for Pt/C and SANi-PtNWs in 4 M KOH with 95% iR-compensation at the scan rate
of 5 mV/s. (B) ECSA normalized HER LSVs for Pt/C and SANi-PtNWs at 313 K and 333 K, respectively.

The measurements were conducted in 1 M KOH with 95% iR-compensation at the scan rate of 5 mV/s.

We have further compared the ECSA, SA and MA of the three different catalysts tested
(Figure 2.6E). Both the pure-PtNWs and the SANi-PtNWs exhibit a similar ECSA, much higher
than that of the Pt/C control. Importantly, the specific activity of the SANi-PtNWs is nearly twice
that of the pure-PtNWs, clearly demonstrating that the SANi decoration considerably improves the
HER kinetics. Together, with the simultaneous achievement of high ECSA and high SA, the SANi-
PtNWs deliver a clear leap in mass activity, achieving an MA about 3-10 times higher than those
of the state-of-the-art HER catalysts reported to date (Figure 2.6F and Table 2.3). Additionally,
at -70 mV vs. RHE, SANi-PtNWs showed a specific activity (normalized by ECSA) of 11.8
mA/cm? in 4 M KOH (Figure 2.7A) and 25.7 mA/cm? and 48 mA/cm? at elevated temperature
(313 K and 333 K, Figure 2.7 B), about 9-14 times higher than those of Pt/C. These results indicate

the promoted HER activity of SANi-PtNWs is maintained under harsher conditions.
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Figure 2.8. HER chronopotentiometry test of SANi-PtNWs, in 1 M KOH at a constant current density of

5 A/mgp,.

We should also note that the preparation of SANi-PtNWs by interrupted dealloying process
is highly repeatable and the resulting materials show consistent performance in 10 independent
batches. Furthermore, chronopotentiometry stability test shows negligible over-potential change
for HER when operating at a constant current density of 5 A/mgpt in 1 M KOH after 4 hours,
suggesting such single atomic decoration is stable in the electrochemical processes (Figure 2.8).
The improved HER durability could be partly attributed to multipoint line contacts between the
1D NWs and the carbon support, which prevents physical movement and aggregation (note that
the movement and aggregation 0D nanoparticle catalysts contribute significantly to the degrading
activities); Additionally, the SANi-PtNWs can effectively reduce the reaction kinetic barrier,
delivering a higher current density at the reduced over-potential, which could also contribute to

the durability of the catalyst during long time operation.

Table 2.3. Comparing HER performance of SANi-PtNWs and pure-PtNWs vs. the state-of-the-art at -70mV

vs. RHE.
Material Test condition | ECSA (m%/gp) SA (mA/cm?) MA (A/mgp)
SANi-PtNWs | M KOH 106.2 + 4.5 10.72 = 0.41 11.8 +0.43
pure-PtNWs 1129+54 6.11 +£0.34 6.90 +0.36
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PtNWs/SL Ni(OH),* | 1 M KOH 27.4 2.48 0.68
Pt;:Ni, NWs-S/C7 1 M KOH NA NA 2.45
hep-Pt-Ni¥ 0.1 M KOH 26.6 11.41 3.03
Pt nanowires grown on single-layered Ni(OH), nanosheets (Ref 1); "PtNi/NiS nanowires (Ref 2); *hep

platinum-nickel alloy excavated nano-multipods (Ref 3).
2.5 Density Functional Theory Calculations of HER Activity

To further explore the impact of the SANi species on HER activity, we have conducted
density functional theory (DFT) calculations, probing the hydrogen (H) adsorption free energies
on a series of model catalytic active sites>>. We have first considered the fully dealloyed pure-
PtNWs that present a variety of defect sites including atoms with lower and higher metallic
coordination than the regular Pt (111) termination. To this end, we constructed representative
models of the local surface environments in the form of steps or one-layer concave cavities?'. The
local surface environment at these sites has been described using three models: model 4 (Figure
2.9 A and Figure 2.10 A) and B (Figure 2.10 B) consisting of different size concave cavities on

the Pt (111) surface, and model C (Figure 2.10C and D) consisting of a Pt (553) stepped surface.
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Figure 2.9. Density functional theory (DFT) calculations of the active sites. (A) Cavity defect on the Pt
(111) surface (Model A). The unit cell is 4x4, and the figure shows 2 unit cells. The locally stable adsorption
sites for the H atom are labeled on the top view model. (B) Exchange current i for HER as a function of
*H adsorption free energy for the locally stable adsorption sites in Models A, B and C. (C) Adsorption free
energy of hydrogen on model A Pt surface as a function of the applied potential Urng at various coverage
in pH=14 solution. (D) Model D for SANi decorated Pt (111) surface, Ni atom being in the surface layer.
The unit cell is 3x3, and the figure shows 2 unit cells. (E) Volcano curve for adsorption sites on model D at

low coverage (LC) and high coverage (HC) conditions. (F) Adsorption free energy of hydrogen on model
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Figure 2.10. DFT models for HER activity calculation. To better distinguish the sites in Models A, C, E,
and F, we use two letters to label the adsorption sites. The first letter indicates whether the site is top (T),
bridge (B), FCC hollow (F) or HCP hollow (H), the second letter indicates whether the site is in a cavity
(C), on the step (S), or on the terrace (T). For the adsorption sites in Models B, D and G, there are no cavities
so we use simple labels to represent whether the site is top (T), bridge (B), FCC hollow (F) or HCP hollow
(H). The local minima sites are in red color. The adsorption free energies (AGu — AGr™ "'V) for all the
adsorption sites are shown in Supplementary Table 3. Besides that, we also directly write the adsorption
free energies on the adsorption sites. The local minima sites are in red color. (A) Model A with 4x4 unit cell
and 5 layers. BS1 and BS2 are the most stable adsorption sites. By symmetry, there are 3 BS1 and 6 BS2
sites in one unit cell. Since they will be occupied first and they will block TS1, TS2 and FT1 sites, FT3 and
TT1 sites will become the local minima sites. The TC site in the cavity is another local minimum. (B) Model
B with 5x5 unit cell and 5 layers. Model C has a larger cavity than Model A, but there are many similarities.
The BS sites are still the most stable sites. The TS sites have lower energies than TT3, FT2 and FT3, but

they are blocked by the BS sites, so the local minima sites on the terrace are TT3, FT2, FT3 and FT4. The
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TC site in the cavity is still a local minimum site. (C) Model C of Pt (553) stepped surface. (D) Bond lengths
(A) in model C. The Pt-Pt distance in bulk is 2.81 A. Model C is Pt (553) surface and it’s a model for the
step defect. We find the fcc hollow sites, such as F1, F2 and F3 are destabilized compared to Pt (111), which
could be explained by the strain effect. In this figure, we can see that the bond lengths between the terrace
atoms are about 3.5% less than the normal distance in the Pt bulk. (E) Model D with 3%3 unit cell and 5
layers. Model D is the (OH) bounded Ni single atoms decorated Pt (111) surface. B1 is the most preferred
site, then T3, T2 and T1 sites will be covered if more H is adsorbed. Since all the other sites are blocked,
T4 will be covered if one more H atom comes in although it’s not a local minimum. If higher coverage is
reached, the fcc sites and B2 site rather than the top sites will be covered. (F) SANi/Pt model with 3%3 unit
cell and 5 layers. This model has no OH groups binding to the Ni, the fcc hollow sites F1 and F2 are the
locally stable sites, and they are less active than Pt (111). (G) Model E with 4x4 unit cell and 5 layers. This
is another model of Pt (111) with a cavity. (H) Model F with 5x5 unit cell and 5 layers. This is another
model of Pt (111) with a cavity. (I) Model G with 3%3 unit cell and 5 layers. Model G is an isomer of model
D, which is also (OH) bounded SANi decorated Pt (111) surface, it’s 0.027 eV higher in energy. All the

sites on this model are also more active than Pt (111).

All the potential adsorption sites for H have been explored on these surfaces, and only the
locally stable H structures were considered for evaluating HER activity. To determine which
adsorption sites are accessible in the experimental conditions, we explored the occupied adsorption
sites as a function of H coverage. The optimal H coverage is determined via first-principle
atomistic thermodynamics. The HER activity for all locally stable sites is calculated using a
volcano-type kinetic model, which expresses the exchange current io as a function of H adsorption
free energy (Figure 2.9B).% The activity optimum appears for a site with H-binding energy 0.09
eV weaker than that on the hollow sites occupied on Pt (111).3* This model was first proposed for

HER in acidic water, but then proven to be also valid for HER in alkaline water.’
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The defective surface models of the dealloyed PtNWs show a large distribution of H
binding strengths with a rich population of active sites with binding energy near the optimum value
(Figure 2.9B). Bridge sites on the ridge of the cavities are clearly more stable than hollow sites on
Pt (111), but accordingly poorly active for HER. The fcc sites on the defective surface models are
less stable than those on Pt (111) by 0.03 to 0.1 eV and in the uppermost volcano region. Top sites
are not stable on Pt (111) (they diffuse to fcc hollow sites), but interestingly they become locally
stable both inside the cavity and on the upper terrace close to the ridge on the defective models
(see T1 and T2 on model 4 for example). These top sites show a weaker H-binding energy vs.

hollow sites on Pt (111) and are placed in the highly active zone.

When considering all sites together, the H atoms will first occupy the inactive bridge sites
at low coverage, and then occupy the active top and fcc hollow sites with increasing coverage. It
is hence crucial to determine the H coverage in realistic conditions. The total adsorption free
energy at different H coverage is shown in Figure 2.9B as a function of the electrode potential vs.
RHE (Urug). For model A4, in pH=14 solution, a low coverage (1/16 ML) is favored for a Urng >
0.40 V, while below 0.25 V the H coverage strongly rises to 9/16 ML (occupation of 3 B1 sites
and 6 B2 sites in Figure 2.9C). For a potential below 0.10 V, sites that are more active than Pt
(111) begin to be populated (3 F sites, 3 T2 sites and 1 T1 site). At the experimental potential of -
70 mV vs. RHE, a high coverage of 1 ML is reached, with occupation of both active (7/16 ML)
and inactive (9/16 ML) sites. The significant density of highly active sites contributes to the high

activity of the pure-PtNWs.
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Figure 2.11. Adsorption free energy of hydrogen on a 4x4 unit cell of Pt (111) surface as a function of Urgne
at various coverage in pH=14 solution. This figure shows that in the experimental condition of Urueg=0.07

V, the Pt (111) surface adsorbs 1 monolayer of H.

In addition to the models of defective surface, the influence of SANi on the surface is
modeled by inserting single Ni atoms in the first layer of a Pt (111) surface. In the considered basic
conditions, two OH groups bind with surface Ni atom (Figure 2.9D), in line with experimental
data (Figure 2.9E and Table 2.3). Figure 2.9E shows the HER activity predicted from the volcano
curve for the stable adsorption sites at low and high H coverage conditions. DFT calculations
demonstrate that such SANi species electronically modify the Pt atoms in their surroundings,
decreasing their H bind energy to the nearly optimal HER activity region. At low coverage
condition (< 5/9 ML), H adsorbs preferentially on Pt-Ni bridge site B1 (Figure 2.9D) and then on
the top Pt sites (T1-T4); while at high coverage (>5/9 ML), occupation of bridge sites B1 and B2
together with slightly less stable hollow sites F1-F5 becomes favored over top site occupations
(Figure 2.10E). Notably, all the sites in the SANi decorated Pt surface as shown in Figure 2.9D

are more active than those without SANi decoration. At experimental condition (-70 mV vs. RHE),

54



the optimal coverage is 5/9 ML (Figure 2.9F), which means the B1 bridge site and T1-T4 top sites

are occupied by H (black and red marks in Figure 2.9E).

Table 2.4. Adsorption free energies for adsorption sites in models A-G (unit: eV).?

model A AAG model B AAG model C  AAG model F AAG
BC 0.341 BC 0.218 B1 0.044 BC 0.235
BS1 -0.180 BS1 -0.118 F1 0.049 BS1 -0.121
BS2 -0.047 BS2 -0.123 F2 0.089 BS2 -0.104
BT1 0.077 BS3 -0.109 F3 0.033 BS3 -0.110
FC 0.349 FC 0.197 F4 0.163 BS4 -0.134
FT1 0.011 FT1 -0.039 F5 0.131 BS5 -0.117
FT2 0.088 FT2 0.066 H1 0.100 FC 0.205
FT3 0.039 FT3 0.115 H2 0.108 FT1 -0.028
HTI1 0.105 FT4 0.099 H3 0.087 FT2 0.040
HT2 0.081 HC 0.199 T1 0.151 FT3 0.072
TC 0.161 HT1 0.071 T2 0.087 FT4 0.114
TS1 0.049 HT2 0.137 T3 0.090 FT5 0.017
TS2 0.024 TC 0.116 T4 0.069 FT6 0.017
TT1 0.055 TS1 0.023 FT7 0.073
TT2 0.066 TS2 0.022 FT8 0.082
TTI 0.088 HC 0.198

TT2 0.100 HTI 0.075

TT3 0.049 HT2 0.090

HT3 0.088

model D  AAG model E  AAG model G AAG HT4 0.118
B1 0.030 BC 0.241 B1 0.156 HT5 0.123
B2 0.145 BS1 -0.127 B2 0.156 HT6 0.068
B3 0.148 BS2 -0.104 F1 0.111 TC 0.126
B4 0.098 FT1 -0.039 F2 0.112 TS1 0.042
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F1 0.127 FT2 0.070 F3 0.096 TS2 0.085

F2 0.097 FT3 0.101 H1 0.126 TT1 0.059
F3 0.175 HC 0.218 H2 0.134 TT2 0.086
F4 0.120 HTI 0.068 Tl 0.091 TT3 0.091
F5 0.100 HT2 0.118 T2 0.072 TT4 0.061
H1 0.146 TS1 0.035 T3 0.071 TT5 0.083
H2 0.142 TS2 0.020 TT6 0.103
T1 0.108 TT1 0.033

T2 0.087 TT2 0.080

T3 0.042

T4 0.120

“The adsorption free energy is expressed in AGy — AGy™ "'V (AAG), which is the difference between the

actual free energy AGy and the adsorption free energy on Pt (111) surface AGy™ 'V,

One should note that the OH ligands are crucial for the enhanced HER activity: a single
bare Ni atom does not produce this favorable electronic modification (Figure 2.10F). All the
additional DFT models and the adsorption free energies for all the models are shown in Figure
2.10G-1, Figure 2.11 and Table 2.3 respectively. It is important to note that the SANi species only
significantly enhances the nearest neighboring Pt sites. In this regard, the surface decoration by
the well-distributed SAN1 is indeed highly desired for generating most activated Pt sites without
unnecessarily blocking too many Pt sites to achieve optimized mass activity. Larger clusters of
nickel species would have much fewer neighboring Pt sites and also block more surface Pt sites

(Figure 2.1B).
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2.6 MOR/EOR Activities of the SANi-PtNWs

To further explore the SANi-PtNWSs as multifunctional electrocatalysts, we have evaluated
their performance for methanol oxidation reactions (MOR) and ethanol oxidation reactions (EOR).
The SANi-PtNWs were prepared in the same way as those described in the HER experiments. The
MOR test was conducted in aqueous electrolyte with 1 M methanol and 1 M KOH. Cyclic
voltammetry (CV) with a scan rate of 20 mV/s were used to evaluate catalytic properties of the
SANi-PtNWs and compared with that of the pure-PtNWs and the Pt/C under the same test
conditions. Importantly, the Pt mass normalized CV curve shows a peak current density of 7.93 +
0.45 A/mgpt at 0.816 V vs. RHE (Figure 2.12A), more than 7 and 2 times those of the commercial
Pt/C (1.04 A/mgpt) and the pure-PtNWs (3.87 A/mgpt), respectively. Additionally, a 144 mV
decrease of the onset overpotential (defined as overpotential required to reach a mass activity reach
of 0.1 A/mgpr) is observed in the SANi-PtNWs when compared with that of Pt/C, suggesting the
lower activation barrier of methanol oxidation on the SNAi-PtNWs surface (Figure 2.12A).
Similarly, the EOR test in 1 M ethanol/1 M KOH solution shows a peak mass activity of 5.60 +
0.27 A/mgpt at 0.785V vs. RHE for the SANi-PtNWs (Figure 2.12B), which is more than 7 and 3
times higher than those of the Pt/C and the pure-PtNWs, respectively. Additionally, a 61 mV

decrease of the onset overpotential is also observed for the SANi-PtNWs vs. Pt/C reference.
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Figure 2.12. MOR and EOR electrocatalytic activities of the SANi-PtNWs, pure-PtNWs, and Pt/C in 1 M
KOH celectrolyte. (A) The MOR CVs under sweeping rate of 20 mV/s, the concentration of methanol is 1
M. (B) The EOR CVs under sweeping rate of 20 mV/s, the concentration of ethanol is 1 M. (C) The
chronoamperometry MOR test at the potential of 0.65 V vs. RHE. (D) The MOR and (E) EOR peak mass
activity compared with the state-of-art values reported recently. Error bars in D and E indicate the standard
deviation of ten independent samples. *The material in ref. 6 was tested in 0.5 M KOH and 2 M methanol,
and that in ref. 8 was tested in 0.5 M NaOH. (f) Model D for SANi decorated Pt (111) surface with different

CO adsorption sites labeled as T1, T2, T3 and T4.

The chronoamperometry (CA) tests were used to evaluate the stability of SANi-PtNWs, pure-
PtNWs and Pt/C in MOR (Figure 2.12C). Apparently, the MOR activity of the Pt/C benchmark
material shows a rather rapid decay to 0.056 A/mgp: after 3600 s CA test at 0.650V vs. RHE. In
contrast, the SANi-PtNWs shows a relatively stable mass activity 0.76 A/mgp: after 3600 s CP test

under the same conditions, clearly demonstrating the superior stability of SANi-PtNWs catalysts
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when compared to the Pt/C. The pure-PtNWs also show a faster activity decay to 0.26 A/mgp: after
3600 s CA test (vs. 0.76 A/mgp: for the SANi-PtNWs). The studies demonstrate that the SANi

decoration not only boosts the activity but also improves durability.
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Figure 2.13. Reaction profile for MOR on Ni(OH),/Pt(111) (top) and Pt(111) (bottom). A continuum

solvent model with dielectric constant 78.4 was used, together with a potential of 0.65 V vs. RHE.

We have further conducted DFT calculations to probe the origin of activity/stability
enhancement by SANi decoration. A major path for catalyst deactivation in MOR is the poisoning
by CO intermediates. On the model D consisting of a Ni(OH)2 decorated Pt (111) surface (Figure
2.12F), the DFT calculations clearly indicate that all steps in the reaction pathway are exothermic
at the experimental potential (Figure 2.13) and that the CO adsorption on SANi-modified Pt top
sites is 0.06 eV — 0.28 eV weaker than that on Pt (111) top site Table 2.4 and Figure 2.12F), hence
facilitating the final step conversion from CO to COa. Furthermore, we have conducted CO

stripping experiments to probe the CO binding strength of different catalysts (Figure. 2.14). The
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CO stripping experiments show that the SANi-PtNWs exhibit a 52 mV and 88 mV decrease of the
onset potential, and 8 mV and 38 mV decrease of CO oxidation peak potential compared to the
cases of pure-PtNWs and Pt/C respectively. These results are largely consistent with the DFT
calculations and suggest that the enhanced activity and durability for MOR/EOR could be at least
partly attributed to the change in CO binding strength upon SANi modification, hence effectively
mitigating catalyst poisoning issue. This understanding further demonstrates the exciting potential

of the single-atom tailoring in modifying the kinetics of MOR or EOR.

Table 2.5. CO adsorption energies for adsorption sites are shown in Figure 2.12F.

Adsorption site AE/eV
Pt(111) -1.77

Tl -1.54

T2 -1.64

T3 -1.71

T4 -1.69

Comparing with the state-of-art Pt or PtRu-based MOR catalysts tested under the same
conductions, the SANi-PtNWs catalysts show the highest specific activity and mass activity
reported to date, to the best of our knowledge, with the mass activity achieved in the SANi-PtNWs
catalysts ~3-6 times of the state-of-art values reported recently (Figure 2.12D). Comparing with
all EOR catalysts reported to date, the SANi-PtNWs also show a considerable advantage in mass
activity (Figure 2.12E), about 2-6 times the best values reported recently. Together, these studies
clearly demonstrate that SANi tailored pure-PtNWs presents a major leap for both MOR and EOR,

offering significant potential for future alkaline anion exchange membrane fuel cell development.

60



A 10% PtIC B pure-PtNWs 0.638V SANi-PtNWs -—0.630V
. -~ 0,668V Ve

0.2 0455V 0.2 0418V 0.2 0.367 V
< < \ €
5 § 2
<0.0 < 0.0 £0.0
£ £ R
- - -

0.2+ 0.2 0.2

0.0 0.4 038 1.2 0.0 0.4 0.8 1.2 0.0 04 0.8 1.2

E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Figure 2.14. The CO stripping results for (A) 10% Pt/C, (B) pure-PtNWs, and (c) SANi-PtNWs. The

measurements were conducted in 1 M KOH at the scan rate of 25 mV/s.
2.7 Conclusion

Together, we have designed an effective approach to tailor Pt nanocatalysts with single
atomic nickel (SANi) species. By combining XANES, EXAFS analyses with atomic-scale STEM
and EELS mapping studies, we verify that the PtNWs surface was successfully modified with
surface SANi. The electrocatalytic test revealed that the resulting SANi modified Pt nanocatalysts
exhibit considerably improved HER performance when compared with the state-of-art HER
catalysts. Density functional theory calculations demonstrate that the single Ni atoms, liganded by
two hydroxyl groups, electronically promote the neighboring Pt atoms and enhance their activity
towards HER. Our studies suggest that an optimum decoration density (surface Ni:Pt ratio ~1:6)
is critical for maximizing specific activity while retaining a high ECSA. This decoration density
can be readily tuned, in a fully repeatable way, by our gradual dealloying process but is difficult
to achieve with other direct synthetic approaches. Additional MOR and EOR electro-catalytic
studies further demonstrate greatly improved mass activities for these reactions. It is important to
note that the mass activities achieved in SANi-PtNWs not merely surpass previous works, but also
represent a conceptual advance over the state-of-art, with the Pt mass activities for HER, MOR

and EOR about 4-20, 3-6, and 2-6 times higher than the state-of-art values reported recently.
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Our previous studies have shown that the fully dealloyed pure-PtNWs show high activity
for ORR,!® which can be largely attributed to their defective surface featuring rich atomic
vacancies and strain.*3¢ As we demonstrated with pure-PtNWs both experimentally and
theoretically, these surface features can also contribute to improved activity for HER, MOR and
EOR when compared with Pt/C reference. Taking a step further, the current study further explores
single atom decoration as a general strategy for tailoring the local electronic structure of Pt
catalysts to achieve further enhanced specific activity for a series of technological relevant
electrochemical reactions at little or no sacrifice of the surface area and thus delivering optimized
mass activity that is critical for practical applications. The significant enhancement of mass activity
for various electrocatalytic systems clearly demonstrates that the surface decoration with single
atoms offers an effective and general strategy for tailoring precious metal catalysts for diverse
reactions. This strategy of single-atom decoration, by interrupting dealloying, can be expected to

apply to other dopant elements such as Fe, Co or Cu species.

We should also note that the single-atom tailoring of Pt nanocatalysts is also conceptually
distinct from typical single-atom catalysts intensively explored recently. In a typical single-atom
catalyst, single metallic atoms are often dispersed on a host substrate with the single metal atoms
functioning as the primary active sites.’’*? To the opposite, in our case, single metal atoms
decorate the surface of precious metal Pt catalysts to modify the local atomic configuration and
electronic structures of surrounding Pt atoms, thus tailoring their catalytic activity for specific
reactions. Here single metal atoms are not the primary active sites but play a critical role as a
promoter to enhance the activity of the Pt-based catalysts without significantly blocking the surface
active sites, thus defining a general strategy for creating multifunctional electrocatalysts with

optimized surface area, specific activity, and mass activity at the same time.
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CHAPTER 3. TAILORING THE PT SURFACE OXOPHILICITY VIA SINGLE ATOM
RH DOPING FOR BOOSTING HYDROGEN OXIDATION REACTION IN ALKALINE

ELECTROLYTE
3.1 Introduction

Hydrogen fuel cells, which can directly convert hydrogen gas (H2) and oxygen gas (O2)
into electricity and only release water, have been rapidly developed for replacing the internal
combustion engine used in vehicles. Because of the high commercialization level of the proton
exchange membrane (PEM), the design of current state-of-the-art fuel cells is all based on the PEM
which serves as the solid electrolyte. However, the high acidity of PEM requires a huge amount
of expensive Pt-based catalysts for oxygen reduction reaction (ORR) and thus limits the
widespread adoption of fuel cell electric vehicles. In acidic condition, the anode hydrogen
oxidation reaction is a rapid process and only need a small amount of Pt catalysts. However, the
sluggish cathode ORR can only be accelerated using a high amount of Pt catalysts, which account
for approximately 55% of the cost of the fuel cell stacks. Recently, because of the rapid
development of the anion exchange membrane (AEM) with the greatly enhanced anion exchange
rate and durability, AEM fuel cells (AEMFCs) show a more promising future on the
commercialization of low cost and long-term stable FCEVs.!> AEM features an alkaline
electrolyte, where non-precious metal ORR catalysts possess high ORR activity and can replace
Pt catalysts. Although Pt is still the best selection for HOR catalysts in the alkaline medium, The
HER/HOR activity of Pt is highly pH-dependent and decreases over two orders of magnitude when
pH increases from 1 to 14.> Thus, the sluggish HER/HOR reaction in the alkaline electrolyte
becomes the most critical issue in developing AEMFCs and alkaline water electrolytic devices.
The slow HER/HOR in the alkaline electrolyte has been mainly ascribed to the positive shift of
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potential of zero free charge (PZFC) while increasing the pH value of electrolyte.*$ As PZFC

shifts to a more positive value vs. RHE, it becomes more difficult for H20O ;/OHags to adsorb on the

Pt surface, which hinders H20 dissociation in HER or the removal of Hadgsin HOR.®
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Figure 3.1. (A) Activity discrepancy of Pt/C in 0.1 M HCIO4 and 1.0 M KOH, and the mass activity of
PtRh based nanowires in 1 M KOH is comparable with the mass activity of Pt/C in 0.1 M acid (B)

Conventional Ni decoration will lead to obvious plateau region after 30 mV vs. RHE.

Tailoring Pt surface with a second transition metal hydroxides (e.g., Ni(OH)z, Ru. etc.) has
been proved to be an effective method to boost the HER/HOR activity on Pt.” Such surface
decoration improves the Pt surface oxophilicity and leads to the enhanced adsorption of H2O; on
the surface. The interaction between the O atoms in the H2O; and Hads on Pt surface facilitates the
removal of the Hads and thus accelerates the HOR rate.'!'? In the case of HER, the water
dissociation is the rate-determining step (rds) in the alkaline condition. With higher surface
oxophilicity, the H2O| will get readily adsorbed on the surface with the configuration that the O
atom stays on the transition metal site and one H atom stays on the neighboring Pt site.®!! Such
configuration weakens the H-OH bond and thus facilitates the water dissociation step and enhances

the HER activity. (Figure 3.1) Therefore, the surface oxophilicity enhancement resulted from the
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surface decoration is vital for tuning the HER/HOR activity in the alkaline condition.!" However,
these surface decorations come at the sacrifice of active surface Pt sites, leading to decreased
electrochemical surface area (ECSA) and hence mass activity (MA). Also, current surface tailoring
strategies lack the fine control of the decorated species and distribution, thus limiting the
understanding of the relationship between Pt surface and HER/HOR kinetics. Thus, how to
effectively tune the Pt surface oxophilicity is critical in enhancing the surface HER/HOR
kinetics and developing the theoretical study. Herein, taking advantage of the single-atom
tailoring strategy, we have achieved single Rh atom tailoring of Pt nanowires for the optimization

of surface oxophilicity for OH adsorption to boost the HOR activity in alkaline condition.
3.2 Experimental Section

Synthesis of PtRh NWs. All chemicals were purchased from Sigma-Aldrich unless otherwise
specified. In a typical synthesis, 20 mg Pt(acac): and the desired amount of Rh(acac)s; (2mg, Smg,
10 mg, 20mg, 30 mg, and 40 mg) were mixed with 130 mg glucose, 1.7 mg W(CO)s and 60 mg
PVP-40 in a glass vial, with 5 ml of oleylamine and octadecene (3:2 volume ratio) as co-solvent.
The mixture was heated to 140 °C for 8 hours to form PtRh nanowires. The result nanowires were

collected via centrifuge at 12000 rpm for 20 min.

Material Characterizations. Transmission electron microscopy (TEM) images were taken on an
FEI T12 operated at 120 kV. Atomic resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and X-ray energy dispersive
spectroscopy (EDS) mapping were taken on FEI Titan Cubed Themis G2 300 at 200 kV and JEOL
Grand ARM 300CF TEM/STEM with double spherical aberration-correctors operated at 300 kV.
Samples for TEM measurements were prepared by dropping 10-20 pL nanoparticle dispersion in

hexane on a carbon-coated copper grid (Ladd Research, Williston, VT). The composition of
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catalysts was determined by inductively coupled plasma atomic emission spectroscopy (ICP- AES,
Shimadzu ICPE-9000) as well as SEM-EDS (JEOL JSM-6700F FE-SEM). X-ray photoelectron
spectroscopy (XPS) tests were done with Kratos AXIS Ultra DLD spectrometer. The in-situ X-ray
absorption fine structure spectra for Ni K-edge and Pt L-edge EXAFS The electrode inks for the
XAS electrodes were collected in the fluorescence mode at the beamlines of X3B and X19A at the
National Synchrotron Light Source (NSLS) (Brookhaven National Laboratory, NY, USA). All of
the experimental data were collected in conjunction with the appropriate reference foils to aid in
energy alignment and normalization. The data were processed and fitted using the Ifeffit-based
Athena and Artemis programs. Scans were calibrated, aligned, and normalized with background
removed using the IFEFFIT suite. The y(R) were modeled using single scattering paths calculated
by FEFF6. The Ap-XANES analysis technique has been described in great detail elsewhere.

Briefly, difference spectra were calculated using the equation

Ap = p(V) — n(VL,Ny)

where p(V) is the absorption coefficient of the sample at a potential of interest and p(V1, N2) is
the reference signal at V1 potential, which is in the regular clean double-layer region for the tested

metal, i.e., free of any adsorbed H, O(H), or oxygen adsorbates.

3.3 Results and Discussion

By tuning the mass ratio between Rh(acac)s and Pt(acac)2 to be 2:20. 5:20, and 10:20,
20:20, 30:20, 40:20, PtRh nanowires with a different surface concentration of Rh were successfully
synthesized. Based on the HAADF-STEM EDS mapping, the surface Rh concentration increases

with the increased ratio of Rh:Pt.
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Figure 3.2. Representative HAADF-STEM images and corresponding EDS mapping of Ru, Pt, and Pt+Rh

for (A-D) PtyoRhy, (E-H) PtyoRhs, (I-L) PtyoRhyo, and (M-P) PtyoRh4o nanowires.

When the Rh/Pt ratio is as low as 2:20, there are barely any Rh atoms observed on the surface. Rh
atoms only occupy 5 at% of the whole nanowires and most of them are on the sublayer of Pt
nanowires. (Figure 3.2A-D) When the Rh/Pt ratio goes up to 5:20, the nanowires’ surface is still
domain by Pt, but with singly dispersed Rh atom (~ 10 %) on the surface (Figure3.2 E-H). The
existence of single atom Rh in the whole range of the HOR region is proved by the ex-situ and in-

situ extended X-Ray absorption fine structure (Figure 3.3). No Rh-Rh bonding was observed from
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0 V to 0. 54 V vs. RHE, the range where HOR takes place. When the ratio goes above 20:20, the
Rh atoms start to aggregate on the surface of Pt nanowires and induce side-growth of Rh rich

branches that cover Pt nanowires (Figure 3.2 I-P).
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Figure 3.3. (A) In-situ Rh K edge EXAFS spectra of Pt)Rhs nanowires under different potential. (A) Fitting

of in- situ Rh K edge EXAFS spectra of PtooRhs nanowires at 0 V vs. RHE.

Interestingly, the HOR activity of PtRh nanowires is highly sensitive to the oxophilicity of
Pt surface and the structure of surface Rh species. Pt surface with higher oxophilicity usually shows
a higher HER/HOR rate in alkaline condition because the sluggish Volmer step can be accelerated
by the early adsorption of OH in the Hupd potential region. It was observed that the CO oxidation
peak continuously shifts to negative potential when increasing the surface Rh concentration
(Figure 3.4A), indicating that the oxophilicity of the Pt surface has a positive correlation with
surface Rh concentration. However, both the HOR specific activity and the exchange current
density of the PtRh nanowires reach the maximum value only when the Rh is in the single-atom

form (Figure 3.4B-D).
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Figure 3.4. (A) HER/HOR polarization curve; (B) CO stripping; (C) specific activity and (D) exchange

current density of Pt/C, PtyoRhy, Pt;oRhs, PtyoRhjo, PtooRhzo, PtagRhso, PtooRhao.

It was revealed by the XANES spectra that the single Rh atoms under 0 V vs. RHE are
slightly positively charged (Figure 3.5) The in-situ and ex-situ XANES spectra of Rh L edge
(Figure 3.5A and B) shows that Rh is redox-active and electroactive. The positive shift of the edge
position from Rh foil to Rh under 0 V vs. RHE indicates that the single Rh atoms under 0 V vs.
RHE is slightly oxidized. The Rh is largely oxidized at a potential higher than 0.3 V vs. RHE.
From 0.3 to 0 V vs. RHE, although the XANES edge does not shift at all, the oscillation increases,
and the FT-EXAFS peak intensity increases accordingly (Figure 3.5C and D). This indicates the
removal of nearly neutral oxygen species (OHad and/or H20ad) that blocks the Rh-Pt interactions
with decreasing potentials. As the potential increase, Rh-O bond intensity increase, and Rh-Pt bond
intensity decreases, as expected from the oxidation from slightly charged single atom Rh to single

Rh(OH)x species.
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Note that the Rh-O peak shift positively when potentials shifts from 0.54 V to 0 V,
indicating an elongated Rh-O bond at a lower potential, which indicates that the adsorbed oxygen
species under 0 V are not the OH from Rh(OH)x and should be weakly adsorbed OH or H20,. The
fitting of in-situ EXAFS of Rh L edge on the SARh-PtNWs also confirms that the Rh atoms are
bonded with eight Pt atoms and one OHads, and No Rh-Rh interaction is observed (Table 3.1). It
should be addressed that the regular water structure on negatively charged Pt surface below the
PZFC should in hydrogen downward direction and cannot assist the removal of Hads, however,
with the help of Rh, the surface water molecule alignment is partially changed to oxygen

downwards on the Rh sites.
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Figure 3.5. (A) The Rh L-edge in-situ XANES of SARh-PtNWs from 0 V to 0.54 V vs. RHE and the ex-
situ, post-ex-situ XANES spectra of Rh foil, and (B) zoom-in region. The Rh L-edge in-situ (C) XANES

and (D) FT-EXAFS under 0 V, 0.1 V, 0.2V, and 0.3 V vs. RHE
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The existence of single atom Rh-OHads or Rh-H20, under 0 V vs. RHE significantly
facilitates the sluggish Volmer step at the minimal sacrifice of the active Pt sites where Ha
dissociation and H adsorption take place. When the surface Rh concentration surpasses a critical
point, singly dispersed Rh atoms start to aggregate to a continuously distributed Rh layer which
significantly increases the surface oxophilicity, but at the sacrificial of highly active Pt site for Hz
dissociation and H surface coverage. HOR requires an equilibrium of H adsorption and OH/H20
adsorption on the Pt surface to reach the maximum oxidation rate of H2. However, both the Tafel
step and the Volmer step on the Rh rich Pt surface are far away from the optimum condition, Also,
the excess Rh and adsorbed water may form a rigid water layer that covers the Pt surface and

prevents it from accessing to the Hz, results in the decreased overall HOR activity.

Table 3.1. EXAFS fitting of SARH-PtNWs.

2 2
o X o X E
Rh-Pt RRh—Pt (A) NRh-Pt ﬁh"’tz RRh—O (A) NRh—O .%h'o 5 (e\(;)
10 (A) 10 (A)
Exsitu | 2.76+0.01 341 742 2.01+0.01 3.840.5 542 142
0.001
0V | 2.748+0.006 | 7.8€1.0 | 6.2+0.8 2.05+0.02 0.6+0.2 341
(fixed)
Post 1 5 75440008 | 5.6:20.9 8+1 2.017+0.009 | 3.10.3 41 0+1
Exsitu

3.4 Conclusion

In short, we have synthesized a series of PtRh NWs with different surface Rh concentration
by controlling the molar ratio between the Pt(acac). and Rh(acac)s; and found that the HOR activity
reaches the maximum value when the Rh is in the single-atom structure. We have conducted the
in-situ EXAFS and XANES spectroscopy to carefully probe the atomistic structure, electronic and

chemical state of Pt, and single-atom promotors under the real reaction condition. No Rh-Rh
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bonding was observed from 0 V to 0. 54 V vs. RHE, the potential range where HOR takes place.
It was revealed by the XANES and the fitting of in-situ FT-EXAFS spectra that the single Rh
atoms at 0 V vs. RHE are slightly positively charged and bonded with eight Pt atoms and one O
atom. And this Rh-O bond is longer than the Rh-O bond in the regular Rh oxides, indicating that
this Rh-O bond may be from the Rh- OHads/H20,. The existence of this special Rh- OHads/H20.
under 0 V vs. RHE significantly facilitates the sluggish Volmer step at the minimal sacrifice of the

active Pt sites where Hz dissociation and H adsorption takes place.

In the future, we will collaborate with the computation chemistry group for further
understanding of the HOR mechanism on a single atom tailored Pt surface and try to summarize

the data to be a high-quality paper targeted at high impact journal.
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CHAPTER 4. WATER PERMEABLE NI(OH): LAYER ONPT TETRAHEDRA
FRAMEWORK AS HIGHLY ACTIVE HYDROGEN EVOLUTION

ELECTROCATALYSTS
4.1 Introduction

Satisfying the increasing energy demand of our society while simultaneously fighting
global warming requires the development of green energy technology that can efficiently produce
renewable chemical fuels (e.g., H2). The conventional production of hydrogen gas is mainly based
on steam reforming of natural gas and fossil fuels, which is highly energy-consuming and emits
millions of tons of carbon dioxide annually'. Moreover, due to the nature of the steam reforming
reaction, impurities such as CO or HzS are inevitable in the produced Hz!. Trace amounts of such
impurities can severely poison the platinum (Pt) based catalysts currently used in proton exchange
membrane fuel cells (PEMFCs)>*. Therefore, electrochemical and photoelectrochemical hydrogen
production has attracted considerable interest worldwide as an alternative, environmentally
friendly pathway to high purity hydrogen as feedstock for highly stable PEMFCs. To this end, the
development of effective and reliable electrocatalysts is essential for electrochemical and

photoelectrochemical hydrogen evolution reaction (HER).

Among all the elements, Pt is the best choice for electrochemical hydrogen evolution
reaction (HER) due to the optimal hydrogen adsorption energy at the Pt surface.*!'! The
overpotential for HER with Pt catalysts in the acid condition is indeed small. Nonetheless, in the
acidic condition, precious metals are the only reliable catalysts for oxygen evolution reaction
(OER), yet still with significant overpotential. On the other hand, OER in the alkaline condition is
much more favored even with non-precious metal hydroxides (Ni, Fe, Co, etc.), which

significantly saves the cost of catalysts from the OER side. Moreover, the low-cost and durable
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anion exchange membrane technique has also been rapidly developed in recent years, providing
solid technical support for developing efficient anion exchange membrane (AEM) assembles.!>!3
Therefore, there is more motivation to conduct water electrolysis in alkaline conditions from OER
and membrane perspective. However, the HER kinetics of Pt in the alkaline condition is about 2-

3 orders of magnitude slower than that in acid due to the sluggish water dissociation step in the

alkaline condition.
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Figure 4.1. The discrepancy of Pt/C HER activity in acid and base.

Based on the HER polarization curve obtained with rotating disk electrode (Spgp/cm?) in
0.5 M H2SO4 and 1 M KOH (Figure 4.1), It is apparent that the overpotential required to reach a
current density of only 10 mA/cm? in the alkaline electrolyte has already been up to 120-mV larger
than that in acidic electrolyte. Since HER kinetics in the base is much slower, the Tafel slope of
Pt/C in base (120 mV/dec in 1 M KOH) is also much bigger than it in acid (30 mV/dec, 0.5 M
H2S04). Therefore, the activity discrepancy between acid and base condition in the RDE test under
relatively low current density (10 mA/cm?) would be further amplified under full device condition
at applicable current density (500-1000 mA/cm?). The HER in KOH is not an “easy” reaction but
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becomes one of the major problems. It has been revealed that greatly enhanced HER specific
activity of Pt in alkaline condition can be achieved by decorating Pt surface with transition metal
oxides but at the sacrificial of surface active sites and ECSA.? Most of the decorated Pt alkaline
catalysts possess relatively high specific activity (SA, activity normalized by ECSA) but suffer
from the low mass activity (MA, activity normalized by mass loading) and low ECSA because of
the blockage of surface Pt sites by the decorated nanocrystals or the transition metal-based flakes
that wrapped outside that is hydrogen impermeable.'*!> Downsizing the decorated species to
single-atom level can maximize the exposure of active sites around nickel single atoms to deliver
an ultrahigh ECSA and mass activity, while its specific activity (10.72 mA/cmy,) is not as high as
the reported PtNi-O octahedrons (14.8 mA/cmg,), indicating that the single Ni sites may not be the
best solution for tailoring the HER kinetics on Pt surface and the specific activity due to the low
single Ni/Pt sites ratio.®!® How to effectively decorated Pt surface while still maintain the proton
accessibility to the Pt surface remains to be a challenge for designing Pt-based HER catalysts in
alkaline condition. Constructing amorphous and defective Ni(OH)2 shell on the Pt surface that can
ensure both the proton accessibility to Pt surface and the fast water dissociation step is a good
choice compared with a single atom Ni decorated surface and crystalline NiO decorated Pt surface.
Herein, we report the synthesis of Ptiet@Ni(OH)2core-shell structure with water/ion-permeable
Ni(OH)2 shell. The Ptet@Ni(OH)2 exhibits the record high MA of 13.4 A/mgp: and SA
(27.7mA/cm;,) for HER in 1 M KOH, which is over 17-fold and 28-fold higher than the mass

activity and the specific activity of commercial Pt/C respectively.
4.2 Experimental Section

Chemicals: Platinum(Il) acetylacetonate [Pt(acac), Pt 48.0%], nickel(Il) acetylacetonate
[Ni(acac)2, 95%], glucose, tungsten(0) hexacarbonyl (W(CO)s, 97%), oleylamine (> 98%), 1-
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octadecene (ODE, > 90%) and Nafion® 117 solution (~ 5%) were purchased from Sigma Aldrich.
Commercial Pt/C catalyst (10 wt% Pt, and particle size ~ 2 nm) was purchased from Alfa Aesar.
Ethanol (200 proof) was obtained from Decon Labs, Inc. Potassium hydroxide (KOH) was
purchased from Fisher Chemical. All the above reagents were used as received without further
purification. Carbon black (Vulcan XC-72) was received from Cabot Corporation and was
annealed for 2 hours at 400 °C under Ar gas environment before used. The deionized water (18

MQ/cm) was obtained from an ultra-pure purification system (Milli-Q advantage A10).

Synthesis of Pt(@Ni(OH),: In a 30 mL glass vial, 20 mg Pt(acac)2, 25.6 mg Ni(acac)2, 50 mg
W(CO)s, and 135 mg glucose were dissolved in a mixture of 3 mL oleylamine and 2 mL octadecene.
The mixture was sonicated for 1 hour and the resulted homogenous solution was kept at 80 °C for
2.5 hours and then heated to 140 °C for another 8 hours. After the reaction, the precipitate was
centrifuged out at 12100 r.p.m. and washed by ethanol/hexane (25 mL/5 mL) for three times. The

final product was suspended in 10 mL cyclohexane.

Loading Tetrahedrons on Carbon: In a 30 mL glass vial, 30 mg carbon black was sonicated in
15 mL ethanol for 1 hour. 5 mL Ptiet(@Ni(OH)2 hexane solution was then added into the carbon
black/ethanol solution and the mixture was sonicated for another 1 hour. The catalysts were
centrifuged out at 12100 r.p.m. and washed with cyclohexane/ethanol solution for three times,
followed by being dried in the vacuum oven for 1 hour. The Ptet@Ni(OH)2/C catalysts were then

annealed in the air at 200 °C (air-Ptiet@Ni(OH)2)for 2 hours before the electrochemical test.

Characterization: Transmission electron microscopy (TEM) images were taken on an FEI T12
operated at 120 kV. Atomic resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and X-ray energy dispersive spectroscopy (EDS)

mapping were taken on FEI Titan Cubed Themis G2 300 at 200 kV and JEOL Grand ARM 300CF
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TEM/STEM with double spherical aberration-correctors operated at 300 kV. Samples for TEM
measurements were prepared by dropping 10-20 puL nanoparticle dispersion in hexane on a carbon-
coated copper grid (Ladd Research, Williston, VT). Powder X-ray diffraction patterns (PXRD)
were collected on a Panalytical X'Pert Pro X-ray Powder Diffractometer with Cu-Ka radiation.
The composition of catalysts was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Shimadzu ICPE-9000) as well as SEM-EDS (JEOL JSM-6700F FE-
SEM). X-ray photoelectron spectroscopy (XPS) tests were done with Kratos AXIS Ultra DLD

spectrometer.

Electrochemical Measurement: To obtain a homogeneous catalyst ink, 1 mg of dried air-
Pttet@Ni(OH)2/C was mixed with 1 mL ethanol and sonicated for 5 minutes. Then, 10 pL of Nafion
(5 wt%) was added to the solution. After sonication, 20 pL of the homogeneous ink was dropped
onto a 5 mm diameter glassy carbon electrode (0.196 cm?, Pine Research Instrumentation). The Pt
mass loading was about 5.6 pg/cm® The Pt/C was prepared in similar methods. The Pt mass
loading for Pt/C was about 5.1 pg/cm?. The ink was dried under ambient air, then was ready for

electrochemical testing.

All electrochemical tests were carried out in a three-electrode cell from Pine Research
Instrumentation. The working electrode was a glassy carbon rotating disk electrode (RDE) coated
with corresponding catalysts. The reference electrode was a Hg/HgO electrode from CH
Instrument and was calibrated in 1.0 M KOH with saturated H2. A graphite rod was used as the
counter electrode. The alkaline electrolyte was 1.0 M KOH saturated with N2. Cyclic voltammetry
(CV) was conducted in each solution between 50 mV to 1100 mV vs. Reversible Hydrogen
Electrode (RHE) at a sweep rate of 100 mV/s. Hydrogen evolution reaction (HER) was tested
between 200 mV to 100 mV vs. RHE at a sweep rate of 5 mV/s in 1.0 M KOH with a Pt loading
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of 5.1 pg/cm? for Pt/C and 5.6 pg/cm? for Ptie(@Ni(OH)2. The impedance of 1 M KOH was tested
on a CH Instrument electrochemistry workstation. The solution resistances measured via
impedance test are 4.75 Q for 1 M KOH. The above values are used for post-test iR correction.
ECSA was tested through hydrogen underpotential deposition (Hupd) in N2 saturated 1 M KOH.
To perform the CO stripping test, the electrode was immersed in CO saturated 1.0 M KOH and
kept under 50 mV vs. RHE for 30 minutes. It was then transferred to N2 saturated 1.0 M KOH and
kept under 50 mV vs. RHE for 10 minutes. Two full cycles from 50 mV to 1100 mV were then
scanned at a rate of 25 mV/s. The stability test was performed with chronopotentiometry under 10

mA/cm? for 10 hours following the same setup used in the CV test.
4.3 Structure Characterization

Structure characterizations The Ptet@Ni(OH): was prepared in a facile one-pot
synthesis. The mixture of Pt(acac)2, Ni(acac)2, W(CO)s, and glucose were dissolved in oleylamine
(OAm) and octadecene (ODE) solution. The mixture was then heated to and maintained at 80 °C
for 2.5 hours for nucleates incubation, followed by heating at 140 °C for another 8 hours to deliver
the final products. The as-synthesized products were annealed under air under 200 °C for 1 hour
to remove the surface ligands before testing the HER. The reaction temperature (140 °C) is selected
since only Pt(acac)2 can be reduced to metallic Pt under this temperature while Ni(acac)2 is just
decomposed to form Ni(OH)2 shell on the Pt core. High temperature up to over 200 °C always

leads to a well crystalized PtNi alloy other than a core-shell structure.*!”-1¥
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Figure 4.2. (A) HAADF-STEM of Pt«@Ni(OH),. EDS maps of the Pt.@Ni(OH), (B) Pt, (C) Ni and (D)
Pt+Ni. (E) HAADF-STEM of Pt skeleton after leaching Ptie(@Ni(OH), with 0.5 M H,SOs for 2 days. EDS
maps of Pt skeleton (F) Pt, (G) Ni and (H) Pt+Ni. (I) HAADF-STEM image of the Pt skeleton with different
viewing angles and the <111> growth directions are marked with white arrows. (J) Structure illustration of
The Pt@Ni(OH), and Pt skeleton from <111> direction. (K) Structure illustration of Pt (@Ni(OH),

framework and Pt skeleton from <002> direction.

Indeed, the Pteet@Ni(OH)2 products exhibit interesting elemental segregation, as shown by
the STEM EDS mapping (Figure 4.2A-D). Instead of a fully alloyed structure, the Ptiet(@Ni(OH)2

is composed of Pt-rich tetrapod skeleton and Ni-based shell. To further confirm the Pt-rich tetrapod
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skeleton structure, the Ptiet@Ni(OH)2 was dispersed in 0.5 M sulfuric acid under 60 °C for 48 hours
to leach out the surface Ni species. The HAADF-STEM and EDS mapping images visualize the
remaining Pt tetrapod skeleton with a trace amount of Ni residue after the acid leaching process
(Figure 4.2E-H). Furthermore, the distance between the lattice fringe perpendicular to the Pt pods
was measured to be 0.225 nm (Figure 4.21), indicating that these Pt pods grow along with (111)
directions. Based on the mapping images and the HAADF-STEM images above, the model in
Figure 1J and K was constructed to clearly illustrate the shape and the elemental distribution of
the Pteet@Ni(OH)2. In Figure 4.2J, viewing along the (111) direction, a projection of a triangular
structure and tripod structure can be observed for the Ptet@Ni(OH)2 and the Pt skeleton,
respectively. On the other hand, in Figure 1K, viewing along the (002) direction, a projection of
square structure arises for The Ptiet(@Ni(OH)2 framework while a cross structure is observed for
the Pt skeleton. Thus, Figure 2I clearly shows a high population of tetrapod structures, indicating

this elemental segregation is a general phenomenon for all the synthesized particles.

Detailed composition and the valence of Pt core and Ni shell were investigated by X-ray
photoelectron spectroscopy (XPS) (Figure 4.3A and B). In Figure 4.3A, two main peaks at around
74.4 (Pt 4f512) and 71.1 eV (Pt 4f72) indicate that most of the Pt atoms are in the metallic phase.
The existence of small Pt>" and Pt*" peaks indicates the slight oxidation of surface Pt atoms under
ambient air. In Figure 4.3B, the small peak at around 852 eV belongs to the metallic Ni 2p3/2. The
two main peaks at 856.1 eV and 873.7 eV belong to the Ni(OH)2 2p3/2 and Ni(OH)2 2p1/2 orbitals
respectively, and the characteristic spin-energy separation of 17.6 eV between Ni(OH)2 2p3/2 and
Ni(OH)2 2p12 is also in consist with other literature,'™?® delivering clear results of Ni(OH):

dominated shell composition (Figure 2A and B). The singlet feature of the Ni(OH)2 2p1.2 (Figure
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4.3B) also strengthens the conclusion of Ni(OH):2 shell since NiO 2pi2 peak possesses a doublet

peak feature Ni 2pi.2.2!2
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Figure 4.3. The structure characterization of the Pt(@Ni(OH),. High-resolution Pt 4f (A) and (B) Ni 2p

XPS spectra of the Pti(@Ni(OH)..

Based on such large element segregation, separation of the PtNi (111) and Ni(OH)2 (101)
peaks is expected in the X-ray diffraction (XRD) pattern. However, in the XRD pattern of the
Pttet@N1(OH)2s, only symmetric PtsN11 (111) peaks were found at 40.8°, which was related to the
Pt rich tetrapod skeleton (Figure 4.4C). No Ni-rich PtNi alloy (111) peak was found from 42° to
44° and no Ni(OH)2 (101) peak was found at around 37° (Figure 4.4C). The absence of Ni-rich
PtNi alloy peaks could be ascribed to the highly segregated composition of Pt and Ni in the
nanoparticles. The absence of the Ni(OH)2 peak is possibly due to the unavailable XRD signal
from the amorphous Ni(OH): on the Pti(@Ni(OH)2 surface.?* Such an amorphous feature of
Ni(OH): is also supported by the STEM images and the FFT pattern from HRTEM images (Figure
4.4A and B). In the FFT pattern (Figure 4.4A inset) extracted from Figure 2C, there are only the
Pt{202}, and {220} patterns and no signals from the crystalline Ni(OH): structure. In Figure 4.4B,
Pt skeleton with {022} lattice fringe can be observed, however, in between each two Pt pods, only

blurry Ni(OH)2 shell was observed, proving that the Ni(OH): shell is amorphous.?*
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Figure 4.4. (A) HRTEM image with the inset FFT pattern and (B) HAADF-STEM image of The
Ptie@Ni(OH).. (C) XRD pattern of the Pti@Ni(OH).. The droplines represent the standard peak position
of Pt (JCPDS PDF No. 96-101-1115), Ni (JCPDS PDF No. 04-0850), NiO (JCPDS PDF No. 96-101-0094),

Ni(OH), (JCPDS PDF No. 00-002-1112), respectively.

To remove the surface capping ligands, the as-synthesized the Ptiei@Ni(OH)2 were
annealed under 200 °C in the air for 2 hours, denoted as air-Ptiet@Ni(OH)2. The air-Pteet@Ni(OH)2
maintained the Pt tetrapod structure covered with a Ni(OH)2 shell (Figure 4.5). The small metallic
Ni 2p3.2 peak at around 852 eV decreased and the Pt** and Pt** peaks increased (Figure 4.3A and
B, and Figure 4.6A and B), indicating the slight surface oxidation of Ptiet@Ni(OH):2 after being
annealed in air. From the singlet peak feature and the unchanged peak position of Ni(OH)2 2p3.2
peak after annealing, the air annealed product still possesses the Ni(OH): shell. Also, the slightly
negative XRD peak shift (Figure 4.4C and Figure 4.6C) of air-Ptt@Ni(OH)2 indicates slightly

larger Pt/Ni segregation induced by the air annealing.
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Figure 4.5. (A-C) STEM-EDS mapping images of the air-Pti@Ni(OH), and (D) the corresponding

HAADF-STEM image.
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Figure 4.6. XPS (A) Ptsr and (B) Niz, and (C) XRD characterization of the air-Pti(@Ni(OH)s.
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4.4 Amorphous Ni(OH): Shell Boosts the Specific Activity of the Air-Pt..(@Ni(OH): towards

HER While Maintains the Electrochemical Active Surface Area
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Figure 4.7. The Electrochemistry characterization of proton accessibility to the Pt sites on the air-
Pt @Ni(OH), and H, annealed sample. (A) The CV of 1%, 10", 20™, 30", 40™ and 50™ cycle of The air-
Pt @Ni(OH), in 0.1 M HCIO4 with the scan rate of 100 mV/s. (B) The CV of 1%, 5™, 10" 30™, 50™ and
75" cycle of air-Pte@Ni(OH), in 0.1 M HCIO4 with the scan rate of 100 mV/s. (C) The CV of air-
Pti@Ni(OH); tested in 1 M KOH with and without leaching out the Ni(OH), in acid, scan rate 100 mV/s.

(D) The CV of H; annealed sample in KOH with and without leaching out the alloyed Ni.

It is recognized that the HER activity of pure Pt in alkaline solution is two orders of
magnitude slower than that in acidic conditions due to the sluggish water dissociation kinetics and
strong H-binding strength. Previous studies have suggested that decoration of the Pt (111) surface
with transition metal oxides (Fe, Co, Ni) can lead to greatly enhanced HER activity in 0.1 M KOH,’
However, ~50% of the ECSA of the Pt (111) electrode is blocked by the decorated Ni species.
Surface decorated particles, such as NiO, NiS, and NisN, usually possess high crystallinity after

oxidation,? sulphuration,?® and nitridation treatment,?” hence block the proton from accessing the
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Pt active sites under the decorated particles. And only a small fraction of Pt sites located near the
interface can be activated. On the contrary, amorphous Ni(OH):2 shell, with abundant defects that
allow hydrogen permeation and fast water dissociation, can simultaneously activate all the surface

Pt sites and maintain the ECSA, delivering both high specific activity and mass activity.
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Figure 4.8. XRD and XPS characterization of Hy-Pt(@Ni(OH)..

Based on the XPS spectra and mapping results, the surface of air-Ptet@Ni(OH)2 is
dominated by amorphous Ni(OH): layers. To evaluate the hydrogen permeability of the amorphous
Ni(OH): layer, cyclic voltammetry tests both in acid (0.1 M HClIO4) and based condition (1 M
KOH) were conducted. The air-Ptwet@Ni(OH)2 was first undergoing the dealloying process in 0.1
M HCIOs. The 1%, 10", 20%, 30", 40™ and 50™ cycles were plotted in Figure 4.7A. The anode
current density started above 0.8 V vs. RHE gradually decrease as the cycle number increase and
finally stabilized, indicating they completed oxidation and dissolution of surface Ni species. On
other hand, in the hydrogen underpotential deposition (Hupd) region, the 1% cycle’s Hupd area still
possess ~70% of the 50" Hupd area, indicating that the protons are accessible to the Pt surface
even at the first cycle when the thick Ni(OH):2 shell still cover the whole Pt core. Similarly, in the
alkaline condition, when direct scanning the CV curve of air-Ptiet@Ni(OH)2 without any surface
Ni(OH):2 leaching process, the Hupd area of air-Ptwet@Ni(OH)z2 is still 80% of the Hupd area of the

Pt tetrapod skeleton which obtained from leaching out all the surface Ni(OH)2, indicating that the
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proton can easily penetrate the thick Ni(OH) shell in the alkaline condition as well (Figure 4.7C).
To further confirm this hypothesis, we annealed Ptiet@Ni(OH)2 under 430 °C Hz/Ar (4/96)
atmosphere for 1 hour to reduce the Ptiet@Ni(OH)2 into a well-crystallized structure denoted as
Ha-Pteet@Ni. The thermal diffusion of Pt and Ni atoms results in a well-crystallized structure with
a higher level of alloying, as indicated by the PtNi alloy peak shifted to a high angle in the XRD

(Figure 4.8A) and the STEM-EDS mapping (Figure 4.9).

Figure 4.9. (A-C) STEM-EDS mapping images of H»-Pt(@Ni and (D) the relevant HAADF-STEM image.

The Ni 2p XPS spectra of the H2 annealed sample shows most surface amorphous Ni(OH)2
get reduced to metallic Ni (Figure 4.8B and C). Similar CV tests were conducted on the Ha-
Ptiet@Ni (Figure 4.7B and D). In 0.1 M HCIlOg4, the Hupd area of Hz-Ptet@Ni after 1% cycle is

negligible while its Hupd is rapidly increasing when the surface Ni is dissolving, indicating that
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the proton cannot penetrate well-crystallized dense Ni layer in acidic condition. Indeed, there is
barely any Hupd area of the H2-Ptiet@Ni in 1 M KOH, compared with the Hupd area of the H
annealed products after first dealloying in the 0.1 M HCIO4 for 200 cycles to fully remove the
alloyed Ni, indicating that the firm nickel layer is hydrogen impermeable in KOH and only a small
portion of Pt atoms alloyed with Ni in the surface layer is accessible to the protons (Figure 4.7D).
The HER activity of the air-Ptiet(@Ni(OH)2 and the Ha-Ptet@Ni are investigated in 1 M KOH
(Figure 4.7E and F). Because all the surface Pt sites on the H2-Ptiet(@Ni are always surrounded by
at least one Ni atoms, these Pt sites can be spontaneously activated during HER reaction. Therefore,
the HER kinetics on all the surface Pt sites are accelerated to the maximum level. In Figure 4.7E
the SA of Ni-rich PtNi alloy surface represents the upper limit of HER SA but at the sacrificial of
85% percent of the ECSA, which explains its low MA (Figure 4.7 F). On the other hand, air-
Ptet@Ni(OH)2 possesses comparable specific activity with PtNi alloy (Figure 4.7E), which means
the Pt surface sites of air-Ptet@Ni(OH)2 share the equal level of HER kinetics acceleration with
PtNi alloy surface. Most importantly, the amorphous and defective nature of the Ni(OH)2 shell
ensures the high ECSA of air-Ptiet@Ni(OH)2 and thus delivering the maximum mass activity

(Figure 4.7F).

To fairly evaluate and investigate the HER activity of our air-Ptiet@Ni(OH)2, we also
benchmarked the electrocatalytic properties of the air-Ptet@Ni(OH)2 against commercial Pt/C.
The typical cyclic voltammetry (CV) curves of the air-Ptet@Ni(OH)2 and 10 % commercial Pt/C
in 1 M KOH at a sweep rate of 100 mV/s are shown in Figure 4.10A. Compared with the OH
adsorption/desorption peak at around 0.782 V vs. RHE of Pt/C, the negative shifted broad peak of
the air-Ptiet@Ni(OH)2 at around 0.516 V vs. RHE arises from the OH adsorption/desorption on

surface segregated Ni species. In contrast, the change of H adsorption/desorption on Pt (110) step
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is small (0.276 V for Pt/C and 0.256 V for the air-Ptet@Ni(OH)2), indicating only a slight
weakening of H binding strength with a surface decorated Ni. The ECSA was calculated to be 48.4
+ 2.1% m?*/gp: for the air-Pties@Ni(OH)2 and 76.4 =+ 2.0% m?*/gp: for Pt/C based on the Hupa current
of the air-Pteet@Ni(OH)2 and commercial Pt/C. Figure 4.10B shows the linear sweep voltammetry
curves of the HER mass activity of the air-Ptiet(@Ni(OH)2 and Pt/C in 1 M KOH with a sweep rate
of 5 mV/s (after iR correction). At -70 mV vs. RHE, The air-Ptwet@Ni(OH)2 possesses MA of 13.4
+ 2.8% A/mgptand SA of (27.7 mA/cmy,), which is 17.8-fold and 28-fold higher than that of the
commercial Pt/C (Figure 4.10C), and considerably higher than the reported state-of-the-art Pt and
other noble metal (Ru and Ir) based alkaline HER catalysts so far (Table 4.1 and 4.2).7:8:10.16.25.26.28-
31 The overpotentials required to achieve 10 mA/cm? current density (normalized by electrode
surface area, 0.196 cm?) of air-Pti@Ni(OH):2 (Pt loading: 5.6 ng/cm?) and commercial Pt/C (Pt
loading: 5.1 ug/cm?) are 24.5 mV and 129 mV, respectively (Figure 4.11 A and B). The exchange
current density (normalized by ECSA) of air-Ptiet@Ni(OH)2 is 3.56 mA/cm? Pt while the Pt/C only
exhibits 0.44 mA/cmp? (Figure 4.11C), indicating the intrinsic high specific activity of The air-
Ptet@N1(OH)2. Besides the high activity, the air-Ptiet(@Ni1(OH)2 also possesses promoted stability
under CP testing at 10 mA/cm?. Only a 28 mV overpotential increase was observed for The air-
Ptet@N1(OH)2 while a 147 mV overpotential increase was observed for Pt/C under the same test
conditions (Figure 4.10D, no iR). Post electrochemical XPS results of Ni (Figure 4.12) shows
that no metallic Ni presented on the tetrahedron surface. This indicates that the reduction of Ni**
to Ni(0) is negligible under the stability test conditions, demonstrating that the activity is stable
over a long period. Additionally, the tetrahedron shape together with the segregated structure is
clearly retained after the 10-hour stability test (Figure 4.13). The durable activity and stable

structure are probably due to the shielding effect from Ni(OH): shell.
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Figure 4.10. (A) Pt mass normalized HER polarization curve of Pt/C and the air-Pt,(@Ni(OH),. Scan rate:
5 mV/s, rotation speed: 1600 r.p.m. After IR correction. (B) The mass activity of Pt/C and the air-
Pte(@Ni(OH) at -0.07 V vs RHE. (C) Tafel plot and the Tafel slope of Pt/C and The air-Pti(@Ni(OH)..
(D) Comparison of exchange current density (ECSA normalized) of Pt/C and the air-Pt(@Ni(OH),. The
Ist cycle of CO stripping scan (red) and the 2nd cycle of CO stripping scan (black) of (E) the air-

Pttet@Ni(OH), and (F) Pt/C.

Although both air-Ptiet(@Ni(OH)2 and commercial Pt/C possess a similar onset
overpotential, the significant difference of the Tafel slope (Figure 4.11D) indicates that there is
greatly modified HER kinetics on the air-Ptet@Ni1(OH)2 with the existence of amorphous Ni(OH)a.
Due to the slow water dissociation rate in the alkaline condition, the Volmer step (H20 + €™ <> Hads
+ OH") replaces the Tafel step (Hads + Hads <= H2) and Heyrovsky step (H20 + €™ + Hads <> Ha +
OH") to become the rate-determining step (rds) of HER, delivering a typical Tafel slope of around
120 mV/dec. Our Pt/C has a reasonable Tafel slope (~ 137 mV/dec) slightly higher than the 120
mV/dec. This deviation from the Bulter-Volmer equation is probably caused by the mass diffusion

resistance under high overpotential and high current density. On the contrary, decoration of
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amorphous surface Ni significantly accelerates the Volmer step so that the contribution of the Tafel
step and Heyrovsky step should be taken into consideration as well. In this case, the Tafel slope
should be within the range from 30 mV/dec to 120 mV/dec, and our air-Ptwet@Ni(OH)2 framework
possesses a Tafel slope of ~ 75 mV/dec. Due to the negligible HER activity of Ni foam (Figure
4.14A), the Ni species are not expected to directly contribute significant HER current in our
potential regime. Without Ni(OH)2 decoration, the Ptwt skeleton only retains around 34% HER
current compared with the air-Ptiet(@Ni(OH)2 framework (Figure 4.14B). The enhanced water
dissociation has been attributed to the interaction between surface amorphous Ni(OH)2 and the
adsorbed OHad (Ni-OHad) and the amorphous Ni(OH)2 provides abundant unsaturated Ni sites that
interact more strongly with the OHad and enable faster water dissociation step compared with
crystalized Ni(OH)2 decoration.” The OHad is one of the reactants in the CO oxidation reaction,
therefore the CO oxidation tests of air-Ptet@Ni(OH)2 and Pt/C were conducted to probe the
existence of Ni-OHad. In binary systems (i.e. PtNi, PtMo) CO oxidation reaction follows the
Langmuir-Hinshelwood (L-H) pathway in which CO molecules are adsorbed on the Pt sites and
the adsorbed OH group up on the more oxophilic Ni sites.” The existence of surface Ni**-OHad
interactions would facilitate the oxidation of CO on the Pt sites, and thus the air-Ptiet(@Ni(OH)2
framework should have a lower onset overpotential of CO oxidation with respect to Pt/C. Indeed,
the CO stripping test demonstrates that the PtNi tetrahedron shows a 176 mV decrease in the onset
overpotential for CO stripping and 29 mV decrease in the peak potential compared with the CO
stripping curve of Pt/C (Figure 4.10E and F). Moreover, the appearance of another two peaks,
which were not observed in the case of Pt/C, at around 0.498 V and 0.616 V vs. RHE, is due to the

existence of surface Ni(OH)2 and the interaction between Ni(OH): site and CO.” The downshift of
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CO oxidation onset overpotential and peak potential indicate the weaker CO binding strength on

Pt surface due to the existence of surface OHag—Ni®" interactions.
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Figure 4.11. Electrode surface area normalized (A) and ECSA normalized (B) HER polarization curve of
Pt/C and air-Pti«@Ni(OH),. Scan rate: 5 mV/s. 1600 r.p.m. (C) Exchange current density and (D) Tafel

slope of Pt/C and air-Pti@Ni(OH)s.

4.5 Conclusion

In summary, we have developed a new shape-controlled synthesis method for the
amorphous Ni(OH)2@Ptt: framework, with the highest mass activity and specific activity towards
HER. Taking advantage of the low reducibility of the OAm system and the Ni induced anisotropic
growth, an amorphous Ni(OH)2/Pt interface is built to simultaneously ensure the mass transfer of
protons and the rapid water dissociation step. The boosted HER activity and optimized Tafel slope

of amorphous Ni(OH)2@Pttwt framework can be attributed to the high hydrogen permeability of
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Ni(OH):2 shell and the strong interaction between abundant Ni sites and OHad. This novel shape
and surface-controlled synthesis of PtNi core-shell tetrahedra framework also fill a long-standing
gap in the extensive list of Pt-based nanoparticle morphologies. Its high HER activity and stability
resulting from the Ni(OH)2 Pt/interface engineering is also an important step towards tailorable

catalysts for a variety of reactions, vital for future energy demand.
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Figure 4.12. (A) The Pt 4f XPS spectra of air-Pt.«(@Ni(OH);, after chronopotentiometry test (B) The Ni 2p
XPS spectra of air-Pt(@Ni(OH); after chronopotentiometry test. Only peaks regarding the Ni(OH); species
were observed and No metallic Ni peak appeared, indicating that under 10 mA/cm?® current density the

reduction of Ni (2+) to Ni (0) is negligible.
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Figure 4.13. (A-C) STEM-EDS mapping images of Pt(@Ni(OH); after chronopotentiometry test and (D)

the corresponding HAADF-STEM image.
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Figure 4.14. (A) The HER polarization curve of Ni foam and Pt@Ni(OH), in 1 M KOH. (B) HER

Polarization curve of Pt tetrapod and Pti@Ni(OH), in 1 M KOH, scan rate: SmV/s.
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Table 4.1. Comparison of HER performance of the Pt (@Ni(OH), in this work and the state-of-the-art

literature.

To properly compare the overpotential at 10 mA/cm?* (current normalized by electrode geometric surface
area), the precious metal loading must be considered. However, the metal loading varies significantly
among literature. Therefore, the comparison of the overpotential at fixed current (e.g.10 mA/cm?)
normalized by electrode geometric surface area seems meaningless. To remove the effect from metal
loading, we believe the mass activity at certain overpotential (e.g. -70 mV vs. RHE) or the overpotential
achieved at a given current density normalized by ECSA are more appropriate for comparing the practical
HER activity of different noble metal catalysts in literature. Additionally, specific activity (current density
normalized by ECSA) can provide a better understanding of the intrinsic HER activity of a given catalyst
surface. Therefore, in this table, we used mass activity normalized by Pt loading and specific activity
normalized by ECSAnps when comparing HER activity of our materials with state-of-the-art catalysts in
literature (the mass activity values of other reported materials were calculated based on the reported mass

loading and the electrode geometric surface area normalized HER polarization curve provided in these

literatures).
Catalysts 1\;18 sri?/avisv.i%g S—%%Cﬁgffsu \lfii;{y];t ECSA (m’/g) Reference
(mA/ugn) (mA/cmp) in 1 M KOH
Pt/C 0.75 0.98 76.4 This work
air Ptiy@Ni(OH); 14.5 27.6 48.5 This work
SANi-JPtNWs 11.8 10.72 106 Ref# 15
PtNiO octahedra 7.23 14.8 48.8 Ref #8
Pt NWs/ SL-Ni(OH), 0.68 2.48 27.4 Ref #7
NiOy/Pt3Ni Pt3Nis- 259 NA NA Ref #24
NWs
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Pt:Ni,-NWs/S C 248 NA NA Ref #25

Pt; 6Ni-S NWs ~2.80 NA NA Ref#10

Table 4.2. Comparison of HER performance of the Pt @Ni(OH), in this work and other state-of-the-art

precious-metal-based catalysts from literature.

Overpotential | Mass activity (A/mguoble metat) in 1 M KOH
Metal (mV) to reach at 10 mA/cm?
loading 10 mA/cm?
Caalyst | (uglem? | (Geometric | 130 | 35 vl 7gmy | o500 Ref
) surfacearea | MV VS | "pHE | g RHE | MY.YS
normalized) RHE RHE
Pt @Ni(OH); | 5.6 (Pt) 245 0.65 0.70 0.98 735 | This work
Pt/C 5.1 (Pt) 129 0.17 0.17 0.19 0.51 This work
Ru@CN | 80 (Ru) 17.0 NA NA ~0.125 | NA #27
Co-substituted | 153 13.0 0065 | NA NA NA 18
Ru (Ru)
Au-Ru-NWs 17 (Ru) 50.0 NA NA NA ~0.588 #29
Ir@CON 100 (Ir) 13.5 NA 0.097 NA NA 30

We have also noticed that there are other precious metals (Ru and Ir) that could achieve a mass activity
higher than Pt/C and the smallest overpotential at 10 mA/cm? with unique compositions and structures. We
choose some state-of-art works and compared the overpotential of our Pt/C and Pt@Ni(OH), at 10

mA/cm? together with the mass activity under such overpotential and the mass loading.
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CHAPTER 5. ANISOTROPIC GROWTH OF PT NANOCRYSTALS UNDER KINETIC

CONTROL
5.1 Introduction

Pt is the most valuable element due to its unique catalytic properties. So far, Pt and
Pt/transition metal (PtM) based materials form a class of superior catalysts for a wide range of
clean energy-related reactions such as oxygen reduction reaction (ORR),'* hydrogen evolution
reaction (HER),*!? alcohol oxidation reaction (AOR),!'"!*> and carbon monoxide (CO) oxidation
reaction.!®!® The catalytic properties of Pt-based nanocrystals are determined by a series of

1920 the surface composition,>!%11:13:2124 anq the

parameters, including the geometric structure,
electrochemical active surface area (ECSA).>?° For example, PtNi {111} enclosed octahedral
nanoparticles exhibit higher ORR activity compared with that of PtNi {100} enclosed cubic
nanoparticles due to the weaker absorption strength of OH on the PtNi {111} facet.?*?>® Thus,

the geometrically shape-controlled and composition-controlled synthesis of Pt-based

nanostructures is critical for the development of highly efficient electrocatalysts.

8 =~/3a° S = 2v/3b?
V2 V2
=—qa3 —__p3
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Same edge length Same volume

Figure 5.1. The theoretical ECSA of Pt tetrahedron and octahedron with an edge length of 8 nm, and the

ECSA ratio of Pt tetrahedron and Pt octahedron with the same edge length and the same volume.
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Synthesis strategies of Pt/transition metal (PtM) based nanostructures, including surface
capping, templating, oxidative etching, and galvanic exchange reactions, have been extensively
investigated and developed through methods*’. One of the most widely reported {111} facets
enclosed Pt-based nanocrystal is PtM alloy octahedra. However, PtM-based tetrahedra, another
typical {111} facets enclosed nanostructure, are rarely explored to date, possibly due to their
intrinsically high surface-to-volume ratio and high surface energy when compared with the
same {111} facet enclosed octahedrons. Theoretically, the ECSA of pure Pt tetrahedron
nanoparticles is 25% larger than the ECSA of Pt octahedron nanoparticle with the same volume,
and 100% larger than that of a Pt octahedral nanoparticle with the same edge length (Figure 5.1).
Thus, the thermodynamic stability of the octahedral shape is always recognized as the reason for
octahedra being the major product rather than the tetrahedra. However, such thermodynamic
analysis only considers the Gibbs free energy difference between the initial state and the final
state of the reaction, therefore cannot accurately describe the reaction process with multiple
steps. In recent years, the kinetics study of the growth of PtNi octahedra using in situ
scanning transmission electron microscope (STEM) suggested that it was the anisotropic growth
of the Pt seeds that directed the shape evolution of octahedra. Strasser et al revealed that the PtsNi
octahedra which used to be believed to have alloy structure were composed of Pt hexapod
skeletons and eight Ni-rich {111} facets. Under a slow growth rate, two steps of growth that lead
to the final octahedra shape were observed. First, the Pt nuclei start to selectively grow along {100}
directions to deliver Cartesian coordinates like hexapod Pt framework, followed by a reduction of
Ni(Co) that further fulfill the {111} facets. Therefore, the shape and element distribution of binary
nanocrystals is not simply determined by thermodynamic surface free energy. Taking a step further,

PtNi tetrahedron could also be achieved by the anisotropic growth of Pt seeds along the four <111>
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directions with Td symmetry. Then, how to direct such anisotropic growth of the Pt core
structure becomes the major problem in synthesizing PtNi tetrahedrons and other unique
shapes. Herein, we report a tunable synthesis of PtNi tetrahedrons (PtNitt) and PtNi octahedrons
(PtNioct) by controlling the nucleation and growth of Pt atoms using glucose. Glucose, which is a
typical reducing agent in the aqueous synthesis of nanoparticles, is found to be an inhibitor for
deposition of Pt adatoms, and hence lead to the growth of Pt cuboctahedra seeds along the four
<111> directions with Td symmetric feature to become the Pt tetrapod skeleton. The simultaneous
deposition of Ni on the four {111} facets helps deliver the final PtNiter. Conversely, without
glucose, the deposition rate of Pt atoms is enhanced by a factor of four, and hence the PtNioct with

Pt hexapod skeleton and Ni shell becomes the major product.

5.2 Experimental Section

Synthesis of PtNi octahedra (PtNi,.¢) 20 mg Pt(acac)2, 25.6 mg Ni(acac)z2, and 32 mg W(CO)s
were mixed in a 20 mL vial with 3 mL oleylamine (OAm) and 2 mL octadecene (ODE). The
mixture was sonicated for 1 hour and then heated to 80 °C and kept at 80 °C for 2.5 hours. The
temperature was further heated to 140 °C for another 8 hours. To collect the products at different
reaction time, the reactions were immediately stopped using cold ethanol when the time reaches
the setting number. After the reaction was stopped, the precipitate was centrifuged out at 12100
r.p.m. and washed by ethanol/hexane (25 mL/5 mL) for three times and suspended in 10 mL

cyclohexane.

Synthesis of PtNi tetrahedra (PtNic) 20 mg Pt(acac)z, 25.6 mg Ni(acac)z, 60 mg glucose and 32
mg W(CO)s were mixed 3 mL oleylamine (OAm) and 2 mL octadecene (ODE) and further heated
to 80 °C and kept at 80 °C for 2.5 hours. The temperature was then heated to 140 °C for another 8

hours. To obtain the products at a different stage, the reactions were immediately stopped using
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cold ethanol when the time reaches the desired reaction number. After the reaction was finished,
the precipitate was centrifuged out at 12100 r.p.m. and washed by ethanol/hexane (25 mL/5 mL)

for three times and suspended in 10 mL cyclohexane.

Synthesis of PtNi tetrahedra (PtNit) with ascorbic acid 20 mg Pt(acac)2, 25.6 mg Ni(acac)z,
60 mg ascorbic acid and 32 mg W(CO)s were mixed 3 mL oleylamine (OAm) and 2 mL octadecene
(ODE) and further heated to 80 °C and kept at 80 °C for 2.5 hours. The temperature was then
heated to 140 °C for another 8 hours. To obtain the products at a different stage, the reactions were
immediately stopped using cold ethanol when the time reaches the desired reaction number. After
the reaction was finished, the precipitate was centrifuged out at 12100 r.p.m. and washed by

ethanol/hexane (25 mL/5 mL) for three times, and suspended in 10 mL cyclohexane.

Synthesis of Pt cube 20 mg Pt(acac)2, 60 mg glucose and 32 mg W(CO)s were mixed 3 mL
oleylamine (OAm) and 2 mL octadecene (ODE) and further heated to 80 °C and kept at 80 °C for
2.5 hours. The temperature was then heated to 140 °C for another 8 hours. To obtain the products
at a different stage, the reactions were immediately stopped using cold ethanol when the time
reaches the desired reaction number. After the reaction was finished, the precipitate was
centrifuged out at 12100 r.p.m. and washed by ethanol/hexane (25 mL/5 mL) for three times and

suspended in 10 mL cyclohexane.

Synthesis of PtNi multi-pod 20 mg Pt(acac)2, and 32 mg W(CO)s were mixed 3 mL oleylamine
(OAm) and 2 mL octadecene (ODE) in 20 mL vial. The vial was purged with H> flow for 10
minutes and further heated to 80 °C and kept at 80 °C for 2.5 hours. The temperature was then
heated to 140 °C for another 8 hours. To obtain the products at a different stage, the reactions were

immediately stopped using cold ethanol when the time reaches the desired reaction number. After
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the reaction was finished, the precipitate was centrifuged out at 12100 r.p.m. and washed by

ethanol/hexane (25 mL/5 mL) for three times, and suspended in 10 mL cyclohexane.

Characterization: Transmission electron microscopy (TEM) images were taken on an FEI T12
operated at 120 kV. Atomic resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and X-ray energy dispersive spectroscopy (EDS)
mapping were taken on FEI Titan Cubed Themis G2 300 at 200 kV and JEOL Grand ARM 300CF
TEM/STEM with double spherical aberration-correctors operated at 300 kV. Samples for TEM
measurements were prepared by dropping 10-20 pL. nanoparticle dispersion in hexane on a carbon-
coated copper grid (Ladd Research, Williston, VT). Powder X-ray diffraction patterns (PXRD)
were collected on a Panalytical X'Pert Pro X-ray Powder Diffractometer with Cu-Ka radiation.
The composition of catalysts was determined by inductively coupled plasma atomic emission
spectroscopy (ICP- AES, Shimadzu ICPE-9000) as well as SEM-EDS (JEOL JSM-6700F FE-
SEM). X-ray photoelectron spectroscopy (XPS) tests were done with Kratos AXIS Ultra DLD

spectrometer.

5.3 Results and Discussion

Interesting elemental segregation of Pt and Ni was found in both the obtained PtNitt and
PtNioct, as shown by the representative HAADF-STEM and EDS mapping images (Figure 5.2A-
D and Figure 5.3A-D). Instead of an alloy structure, the PtNitt has composed of a Pt-rich tetrapod
skeleton and four Ni-rich {111} facets while the PtNioct is composed of a Pt-rich hexapod skeleton
and eight Ni-rich {111} facets. To further study the detailed crystal structure of Pt tetrapod and
hexapod, the as-obtained PtNitt and PtNioct were dispersed in 0.5 M sulfuric acid under 60 °C for
2 days to remove the surface Ni species. The representative HAADF-STEM and EDS mapping

images of Pt skeletons show that after acid leaching of PtNitt and PtNioct, the remaining Pt
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skeletons are in the shape of tetrapod and hexapod, respectively. (Figure 5.2G and Figure 5.3G).
For Pt tetrapod, the distance between the lattice fringe perpendicular to the Pt pods was measured
to be 0.225 nm (Figure 5.2G), indicating that the growth direction of pods is the <111> direction.
On the contrary, for Pt tetrapod (Figure 5.3G), the distance between the lattice fringe
perpendicular to the pods in Pt tetrapod structure was measured to be 0.192 nm (Figure 5.3G),
indicating that these hexapods grow along six <100> directions. Based on the above observation,
it is apparent that the shape of PtNi nanocrystals is determined by the anisotropic growth of the Pt

nucleates in different directions (<111> for tetrahedron and <100> for octahedron).

Figure 5.2. (A) HAADF-STEM image of PtNio. (B) Pt mapping of PtNiy. (C) Nickel mapping of PtNio.
(D) Overlap of Pt and Ni mapping signal. (F) [llustration of PtNie..(G) HAADF-STEM image of Pt hexapod

after acid leaching of PtNioc:.
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Figure 5.3. (A) HAADF-STEM image of PtNi:. (B) Pt mapping of PtNi. (C) Nickel mapping of PtNit.
(D) Overlap of Pt and Ni mapping signal. (F) [llustration of PtNi. (G) HAADF-STEM image of Pt hexapod

after acid leaching of PtNiy.

The direction of anisotropic growth is found to be highly sensitive to the concentration of
glucose. When increasing the glucose concentration from 0 to 27 mg/mL, an apparent products’
shape transformation from octahedron to tetrahedron was observed. Without glucose, high-quality
PtNioet with a narrow distribution of size (8-10 nm) were obtained. When increasing the
concentration to 5 mg/mL glucose, a large portion of tetrahedra immediately appeared in the
product. Eventually, with an optimized glucose concentration of 27 mg/mL glucose, the high-
quality PtNitr was successfully synthesized. Time-tracking experiments of shape and composition
evolution during synthesis were performed to further understand the function of glucose in tuning
the anisotropic growth of PtNitr and PtNioct. The products at different periods of reaction were
collected by immediately quenching the reaction and centrifuging out all the products for ICP
analysis and further yield calculation. All the supernatants were collected and checked under TEM
to ensure the complete collection of products. Interestingly, contradictory to the well-recognized
knowledge that glucose is a reductant which can accelerate the reduction rate of metal precursors,
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the increased glucose concentration resulted in a decrease of reaction rate.?® The detailed yield of

Pt and Ni for PtNitet and PtNioct were plotted versus their reaction time (Figure 5.4), respectively.
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Figure 5.4. The Pt deposition rate of PtNiy (blue) and Pto (red) and the temperature ramp line.

The deposition rate of Pt and Ni of PtNioct is significantly higher than those of PtNitet in the
nucleation and growth period. Particularly, in the first 10 mins, the growth rate Pt of PtNioct is
approximately 4 times higher than that of PtNit, indicating that the glucose no longer plays the
role of a reductant, and in turn, becomes the reaction inhibitor. However, glucose is a well-
acknowledged reductant used in numerous cases of nanoparticle synthesis for kinetics control in
aqueous conditions. One hypothesis is that the glucose or glucose derivatives may coordinate with
Pt together with Oleylamine. Instead of using reductant with abundant hydroxyl groups, gas-phase
H> was selected to avoid any ligand effect from hydroxyl groups. A high yield of branched
nanocrystals with irregular shapes (tetrapod, hexapod, pentapod) was obtained, indicating that the
reduction can be indeed accelerated by the reductive H2, which leads to the overgrowth of different

type of branched Pt structures that are not accessible under thermodynamic control (Figure 5.5A).
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Thus, the reason behind the retarded reaction rate when introducing glucose and other similar

organic reductants is probably due to the ligand effect from glucose or its derivatives.

Figure 5.5. (A) The PtNi multi-pod structure was obtained from H, assisted reduction and the (B) The PtNi

tetrahedron was obtained from AA assisted reduction.

Yin et al. in 2017 reported that Pt(acac)2 could undergo ligand exchange reaction in the
existence of OAm and form Pt(OAm)4(acac)> complexes with amine N coordinated with the center
Pt atoms.? Introducing carboxylic acid, such as oleic acid (OA), into the Pt(OAm)s(acac): leaded
to the aminolysis of the acetylacetonate molecules and the formation of Pt(OAm)2(OA)2. Slower
autocatalytic reduction of Pt(OAm)2(OA): to Pt adatoms were observed, compared with that of
Pt(OAm)2(acac)2.?’ This is probably due to the higher binding strength of the carboxylic group to
the Pt(2+). In the case of synthesis PtNitt, at the nucleation stage (80 °C), Pt atoms reduced by the
glucose aggregate into small nucleates which can, in turn, catalyzed the oxidization of glucose to
be gluconic acid (GA) and glucaric acid (GLA), two carboxylic acid anions which can provide one
-COOH and two-COOH groups respectively. The formed highly stable Pt(OAm)2(GA): or
Pt(OAm)2GLA explains the low reduction rate of Pt(2+) to Pt(0) under 140 °C. The formation of
ultrafine Pt clusters can be observed under 80 °C in the growth of PtNitt but not in the growth of
PtNioct also prove the hypothesis. A similar PtNitwt was obtained but with a slightly larger size when
replacing glucose with ascorbic acid (Figure 5.5B). Besides, glucose and their derivatives can bind
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the Pt crystal surface to form a packed layer that inhibits the further deposition of Pt atoms on the

existed crystal surface, thus decreases the growth rate of each Pt crystals.

Counts (a.u.)
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Figure 5.6. (A) TEM image of Pt nucleates after 2 min reaction in 140 °C, inset: representative HRTEM
images of a typical cuboctahedron. (B) TEM image of Pt truncated octahedron clusters after 5 min reaction
in 140 °C, inset: representative HRTEM images of a typical cuboctahedron shows the increased (111) facets
and decreased (100) facts. (C) after 10 minutes, the Pt cuboctahedron has already evolved into PtoNijoct.
The PtoNijo gradually grows into (D) Pt;Nijee with 6-7 nm and (E) Pt;Nizeee with 9-10 nm. (F) Size the

evolution of the product during the reaction.

Furthermore, we monitored the evolution of PtNioct and PtNitt as a function of time to
elucidate the mechanistic details of the shape growth (Figure 5.6). For the synthesis of PtNioct, no
reduction of precursors was observed during the incubation time under 80 °C. Once upon the
temperature reached 140 °C, small clusters with size from 1.2-2 nm appeared immediately,
indicating a rapid decomposition of Pt precursors and a nucleation burst under 140 °C. ICP-AES

analysis showed no Ni reduced at this point. Two mins after, the Pt clusters rapidly grew to
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cuboctahedra with a size of approximately 2-3 nm, which is a typical thermodynamic stable shape
for the seeds (Figure 5.6A). Five mins after the temperature reach 140 °C, the cuboctahedra
evolved into truncated octahedra with an approximate 4 nm size (Figure 5.6B). The truncated
octahedra further evolved into octahedra in another 10 min with a size of ~6 nm (Figure 5.6C).
At this point, only ~11% Ni were alloyed in the PtNioct. This rapid growth of octahedra is a
typical Kinetic process because the formation of Pt {111} terminated seeds is not
thermodynamically preferred. After 48 hours of acid wash, no obvious change in the PtsNii
octahedra’s morphology and no Pt skeleton were observed, indicating that the PtNi core-shell

structure with Pt skeleton and Ni shell did not form at the early nucleation stage (Figure 5.7).

Figure 5.7. (A) 48-hour acid leaching of the Pt> 4Ni; (1 hour 140 °C) remains an octahedral shape, indicating
no anisotropic growth at this period. (B) 48-hour acid leaching of the Pt;Ni; (8 hours 140 °C) remains

octahedral shape, indicating the anisotropic growth.

When increasing the reaction time to 30 min, 1 hour (Figure 5.6D), 2 hours, 4 hours, and
8 hours (Figure 5.6E), the PisNii octahedra gradually evolve into Pt3 4Nii, PtaNii, Pto7Nii, PtiNi2,
and Pt1Nis, respectively. The Pt hexapod skeleton structure started to appear after increasing the
reaction time to 2 hours. The hypothesis of such anisotropic growth is based on the preferred
deposition at the corner sites of the nanocrystals. As shown in Figure 5.7, after 10 minutes of

reaction, the major product was the PtsNii octahedra, which was enclosed with eight {111} facets
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and six corners and served as the seed for further growth. In general, two reaction rates affect the
directions of anisotropic growth, the deposition rate of adatoms (Radeposit), and the diffusion rate
(Ruifruse) of Pt atoms from corner sites to facet sites. Because of the higher concentration gradient
of adatoms at corner sites compared to that at facet sites, the adatoms tend to first deposit at the
six corner sites, leading to overgrowth of Pt pods along the <100> directions from the corner sites.
In the meantime, the Ni atoms tended to deposit at the concave {111} facet in the form of NiO to
fulfill these concaved sites formed between three of the six pods, which prohibits the diffusion of
Pt atoms from the corner to the {111} facets and ensures the continuous growth of Pt pods along
<100> directions. A similar tendency of Ni deposition preference was also reported by Strasser at
al. Only large Pt cuboctahedra and no Pt hexapod products were obtained without adding Ni(acac)a,
and no Pt octahedra were observed during the early growth stage, indicating that the NiO
deposition is essential for preventing the Oswald ripening of Pt octahedra seed and induce the

anisotropic growth along {111} direction.

Figure 5.8. Pt cube terminated with {100} facets.
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Figure 5.9. (A) TEM image of Pt nucleates at 0 minutes reaction in 140 °C, inset: representative HRTEM
images of a typical cuboctahedron. (B) TEM image of larger cuboctahedron clusters after 5 min reaction in
140 °C, inset: representative HRTEM images of a typical cuboctahedron shows the increased (111) facets
and decreased (100) facts. (C) after 10 minutes, the Pt cuboctahedron has already evolved into PtoNijoct.
The PtoNijo: gradually grows into (D) Pt;Nijoe with 6-7 nm and (E) Pt;Nizoet with 9-10 nm. (F) Size the

evolution of the product during the reaction.

The case of PtNitt is more complicated, because of its significantly slower growth rate, the
final structure is under both kinetic and thermodynamic control. Without Ni(acac)z, the Pt cubes
enclosed with {100} facets became the major product, indicating that under slow reduction rate,
the Pt deposition on the {111} facet is faster than the {100} facets (Figure 5.8). When the
temperature reached 80 °C, Pt clusters already formed because the glucose served as the reductant
and help the nucleation of Pt. When the temperature increase to 140 °C, however, the gluconic

acid resulted from the oxidation of glucose inhibited the surface autocatalytic growth and leads to
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the slow nucleation rate. Thus, instead of PtsNi; octahedra, the small Pt cluster only evolved
into PtoNi; cuboctahedra, a typical thermodynamic stable product that is enclosed with six
{100} facets and eight {111} facets (Figure 5.8A). Because the Pt deposition on the {111} facets
is faster than the {100} facets, the eight {111} facts at the corner start to grow first. However, If
all eight {111} facts start to overgrow, with the co-deposition of Ni on the {100} facets, the final
structure should be the PtNi cube with octopod Pt-rich skeleton and Ni-rich cubic shell. Noticing
that CO from W(CO)s can effectively stabilize the PtNi {111} facet, thus, the PtNi cubes with
{100} facets exposed are not thermodynamically stable. The only left choice is the overgrow on
four of the eight {111} facets with Td symmetry, which can deliver a tetrahedra shape with Pt

tetrapod skeleton and four Ni-rich {111} facts (Figure 5.9B-E).
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Figure 5.10. Illustration of the reaction mechanism.

5.4 Conclusion

In summary, the shape of the seeds, which determines the shape of the final product, is
under the control of its growth rate at the early growth stage. Without glucose, the rapid growth of
small cuboctahedra Pt cluster results in the diminish of Pt (100) facts of and deliver the kinetic
controlled PtsNi octahedra seeds. On the other hand, with glucose, the slow growth of small
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cuboctahedra Pt clusters only results in a thermodynamic controlled PtoNi cuboctahedra seed. The
further overgrowth of Pt on the corner of PtsNi octahedra seeds and the deposition of NiO on the
{111} facets results in the PtiNi3 octahedra (Figure 5.10). And the further overgrowth of Pt on the
{111} facets together with NiO deposition on the concave of PtoNi cuboctahedra seed results in
the final PtiNi3 tetrahedra. In the oleylamine system, the control of the growth rate could be
achieved using organic molecules with a carboxylic group or ketone group that could be oxidized

into the carboxylic group.
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CHAPTER 6. CONCLUSION

In conclusion, the specific activity and the electrochemical active surface area (ECSA) of
Pt-based nanostructures towards electrocatalytic reactions can be simultaneously enhanced via
surface and interface engineering strategies such as tailoring surface with single-atom promotors
and electrolyte permeable shells. We can control surface oxophilicity of Pt surface to facilitate the
adsorption/desorption of desired intermediates in the rate-determining step and hence accelerate

the final reaction rate.

In our first work, we used a controllable dealloy strategy to achieve the single-atom Ni
species tailored Pt nanowires (SANi-PtNWs). The single-atom nature and chemical state of Ni
species were further confirmed by EELS spectra, Electron energy loss spectroscopy (EELS). X-
ray photoelectron spectroscopy (XPS), and extended X-ray absorption fine structure (EXAFS).
Compared with the commercial Pt/C, the SANi-PtNWs exhibit 17 times higher HER mass activity
at -0.07 V vs. RHE in 1 M KOH. Density functional theory (DFT) calculations reveal that all Pt
atoms around SANi show a reduced hydrogen binding energy and are optimal for HER. We further
show that such single atomic modification also greatly enhances the catalytic activity for both
MOR and EOR to deliver a mass activity of 7.93 £ 0.45 A/mgpt and 5.60 £ 0.27 A/mgpt,
respectively. These studies demonstrate that the single-atom tailoring approach offers a general

strategy for creating highly efficient electrocatalysts for diverse reactions.

In our second work, using the direct synthesis methods, we extend SANi-PtNWs to the
SARh-PtNWs. It was revealed by the in-situ EXAFS and XANES that the single Rh atoms under
0 V vs. RHE are slightly positively charged and bonded with eight Pt atoms and one OHadas/H20.

The existence of single-atom Rh-OHads/H20,. Under 0 V significantly facilitates the sluggish
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Volmer step at the minimal sacrifice of the active Pt sites where H2 dissociation and H adsorption
takes place. By controlling the surface Rh concentration, we found that the HOR activity achieves
the maximum value only when the Rh is in the form of a single-atom on the Pt surface and the
surface oxophilicity reaches an optimum value, neither too strong nor too weak for adsorption of
OHads/H20,. This supports the bifunctional theory of HOR in alkaline condition and addresses the

significance of surface oxophilicity engineering in enhancing HOR under high pH.

In our third work, we have developed a novel synthetic strategy to prepare electrolyte
permeable Ni(OH):2 shell on the Pt-tetrapod framework (Ptet@Ni(OH)2 core-shell framework) to
enhance the HER specific activity while maintaining the ECSA to deliver the highest HER mass
activity so far (13.4 + 2.8% A/mgp: and SA of (27.7 mA/cmg,), which is 17.8-fold and 28-fold

higher than that of the commercial Pt/C).

In the fourth work, we report a facile and tunable synthesis of PtNi tetrahedron and
octahedron. We have found that the shape of PtNi nanocrystals is determined by the growth rate
of the Pt seeds and the further anisotropic growth on the Pt seeds. The slow nucleation rate leads
to thermodynamic stable cuboctahedra seeds on which the further Pt deposition on the four of the
eight {111} facets and NiO deposition on concave structure enclosed by the Pt pods along the
<111 > direction deliver the final PtNi tetrahedra. On the other hand, the rapid nucleation leads to
kinetics controlled octahedra seed and the further overgrowth of Pt on the six corners deliver the

final PtNi octahedra.
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