Chapter 7
Metallic Nanostructures for Electrocatalysis

Zhenmeng Peng

Abstract The metal electrocatalyst research requires molecular-level knowledge
of the electrocatalytic reactions and the controlling factors that determine the reac-
tion kinetics. Several important factors, including electronic structure and geometric
structure of metal surfaces, third-body effect, and bifunctional effect, are discussed
for their roles in electrocatalysis. Chemical stability and surface restructuring/segre-
gation of metals, which need practical consideration in the electrocatalyst research,
are introduced. The electrochemistry of oxygen, hydrogen, carbon-containing com-
pounds, and nitrogen-containing compounds is reviewed. Discussions are focused
on recent advances in preparing metallic nanostructures for these reactions, and on
understanding the relationship between the physical parameters of metallic nano-
structures and the electrocatalytic property.

7.1 Introduction

Metallic nanostructures for electrocatalysis have been an area of active research for
decades and can find important applications in many research areas and industries
[1-6], including energy generation, chemicals production, electrochemical sensors,
environmental control, and so on. With increasing concerns over environments and
depletion of fossil fuels in recent years, more research efforts have been put into
utilizing alternative energy resources and developing clean energy technologies.
For example, polymer electrolyte membrane fuel cells (PEMFCs), which can gener-
ate electric energy by electrochemically reacting hydrogen and oxygen, have been
researched for automobiles [7—11]. Metal-air batteries have been developed to im-
prove the power density and efficiency of portable energy devices [12—15]. Elec-
trochemical water splitting has been recently considered as a clean and alternative
technology for producing H, [16-18], which is both energy carrier and important
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chemical commodity. All these technologies involve electrochemical reactions and
require the use of metallic nanostructures for promoting the reaction kinetics. Re-
search of metallic nanostructures as efficient electrocatalyst thus becomes crucial to
advance these energy technologies.

Metal electrocatalyst researches in the early years have once been highly empiri-
cal, primarily based on trial-and-error experiments and research experiences. It was
caused by the fact that electrocatalysis is governed by multiple parameters of both
reaction and catalyst and that these parameters often intervene with each other to af-
fect the catalytic property. With rapid advances in both experimental and theoretical
tools nowadays, electrocatalytical reactions can be better understood at molecular
level. Many theories have also been proposed to guide metal electrocatalyst re-
search and development. In this chapter, we will first introduce the fundamentals
for metal electrocatalysis and electrocatalyst, and then discuss recent examples of
metallic nanostructures for electrocatalysis.

7.2 Electrochemical Reaction
7.2.1 Thermodynamics of Electrochemical Reaction

An electrochemical reaction involves the transfer of electrons between two sub-
stances: one, a solid (electrode), and the other, a liquid (electrolyte) in most cases.
In principle, every redox chemical reaction, a4 +bB — cC + dD, can be written into
two electrochemical reactions, in which one gains the electrons being generated
from the other [19]:

ad — cC+ne” (7.1
bB+ne” — dD (7.2)

An electrochemical cell can be built by separating occurrence of the two electro-
chemical reactions at different electrodes and connecting the electrodes using elec-
trolyte and an external circuit (Fig. 7.1). Thus, the electrochemical reactions are also
called half-cell reactions. One major difference between a redox chemical reaction
and an electrochemical cell made of the reaction is their energy conversion. A redox
chemical reaction releases/absorbs thermal energy during the course of reaction,
whereas an electrochemical cell generates/consumes electric energy. The open-cir-
cuit voltage of the cell (£, ) can be correlated with the Gibbs free energy change of
the reaction (AG) using the following equation:

AG = _nFEcell (73)
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Fig.7.1 Anelectrochemical cell constructed usingredox chemicalreaction a4 +bB — c¢C +dD

where F is the Faraday constant and has a value of 96485 C/mol. An electrochemi-
cal cell made of spontaneous redox chemical reactions (negative AG) has a posi-
tive £, and is often called galvanic cell. It can be utilized to convert chemical
energy stored in fuel molecules into electric energy. On the other hand, one made of
nonspontaneous redox reactions (positive AG) is called electrolytic cell and can be
utilized to produce valuable chemicals by inputting electric energy into the reaction
system. One example is the reaction between H, and O,, which is a spontaneous

redox reaction [20]:
2H,+0, - 2H,0 (AG® =-475KJ/mol) (7.4)
A PEMFC can be constructed by separating H, oxidation and O, reduction at anode

and cathode, having a PEM in between, and connecting the electrodes with an elec-
tric circuit. The two half-cell reactions can be depicted as follows:



208 Z.Peng

Table 7.1 Standard redox potentials of half-cell reactions

Half-cell reaction E((f)‘/A (V vs. SHE)
N, +6H,0+6e” < 2NH, + 60H"~ -0.77
N,+4H" +4e¢ < N,H, -0.39
CO,+2H" +2¢” & HCOOH -0.25
CO,+2H" +2¢” & CO+H,0 -0.10
2H" +2¢ & H, 0.00
CO,+6H" +6¢” < CH,OH + H,0 0.04
CO, +12H" +12¢” & CH,CH,0H +3H,0 0.08
0, +2H,0+4¢” < 40H" 0.401
0,+2H" +2¢ < H,0, 0.695
O0,+4H" +4e” < 2H,0 1.229
2H, > 4H" +4e” (7.5)
O,+4H" +4e” — 2H,0 (7.6)

H, is electrochemically oxidized into protons because of its higher susceptibility
to lose electrons than O,. O, gains the electrons from H, electro-oxidation and is
reduced into H,0. Such a PEMFC has an open-circuit cell voltage of E.,=1.229 V
if being operated under the standard condition.

Redox potentials are defined for half-cell reactions to represent their ability to
gain or lose electrons electrochemically. The voltage of cells constructed using any
two half-cell reactions can thus be described using the following equation:

E

cell =

E

cathode ~

E

anode (77)
The redox potentials are not absolute values, but rather relative ones comparing to
reference electrode reactions. One most often used reference is the standard hydro-
gen electrode (SHE), which operates under the standard condition and has a defined
redox potential of EE[* .. = 0V. By constructing an electrochemical cell using any
given half-cell reaction and the SHE and measuring the cell voltage, its redox po-
tential vs. SHE can be determined using the following equation:
E. =E +E =E’

Cl4 cell HYIH, cell (78)
Table 7.1 lists a few half-cell reactions of electrocatalysis importance and their
equilibrium redox potentials under standard condition (£Z, ,). The redox potential
under nonstandard conditions can be calculated using the Nernst equation:
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Correspondingly, the open-circuit voltage of any electrochemical cell operating un-
der nonstandard conditions can also be calculated:

RT, [C]'[D]

E,=E),—E,  —
ll B/D i n [A]a [B]b (7.10)

c

7.2.2 Kinetics of Electrochemical Reaction

Many theories have been developed for understanding the kinetics of chemical re-
action. In the transition state theory, reactants overcome an energy barrier to gener-
ate active intermediates, which further react to form products. The rate constant, &,
can be described using the Arrhenius equation [21]:

k= Ade """ (7.11)

where 4 is a pre-exponential constant, £_is the activation energy, R is the gas con-
stant, and 7'is the reaction temperature. For an elementary reaction, the reaction rate
is simply the production of k& and concentration(s) of the reactant(s). For a complex
reaction that contains multiple elementary steps, the reaction kinetics is determined
by the rate-limiting step. The rate law is an algebraic function of &, concentration(s)
of the reactant(s), and some constant parameters.

The kinetics of electrochemical reactions can also been understood using the
transition state theory. Comparing to chemical reactions, electrode potential (£)
serves as one additional factor for controlling the electrochemical reaction kinetics.

The electrode potential can alter the energy barrier and consequently influence the
k/
reaction rate (Fig. 7.2). If we consider an elementary half-cell reaction O+ ne ?R

and use current density (i) to represent the reaction rate, the relationship between i
and £ can be depicted using the Butler—Volmer equation [22]:

[ F1)RT (1-a) Fr;/RT] (7.12)

i=i|e ™" -
iy = nFAK "k [0] “[R]” (7.13)
n= E _EO/R (714)

where i, is the exchange current density, o is the charge transfer coefficient, # is the

overpotential, £ and £, , are the electrode potential and redox potential, and & and

k, are the rate constant for the forward and reverse half-cell reaction. When #=0,
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Fig. 7.2 Free energy changes during a reaction and effects of a potential change on the reaction

which represents the electrode stays at the redox potential, i is equal to zero and the
half-cell reaction is at its equilibrium. The i value is positive and increases rapidly
with 7 when E<E, , (negative #), indicating a reduction process. It becomes nega-
tive and the value changes exponentially with # when E>E, , (positive #), corre-
sponding to an oxidation process (Fig. 7.3).

The half-cell reactions can be classified into reversible and irreversible systems
based on their intrinsic reaction kinetics. For reversible half-cell reactions, electrons
can be rapidly exchanged at the electrode and the i, value is relatively large. A small
can lead to a large increase in i (Fig. 7.3). The apparent reaction rate is limited by the
diffusion of reacting species rather than the fast reaction kinetics. Cyclic voltamme-
try of such reactions shows defined distance between peak potentials, and the peak
current densities can be calculated using the Randles—Sevcik equation (Fig. 7.4):

i (LA
(k 6) i,=10° Afem?
;=109 Afcm?
4

2+

300 200 1[130 | |
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kr
Fig. 7.3 Current density (i) vs. overpotential () curves for the reaction O+ne<R with
different i, ke
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peoTre g (7.15)
i,=2.69x10°xn’? x EAxD"? xv"* xC (7.16)

where E, and E, are the anodic and cathodic peak potentials, i andi  are the cor-
responding peak currents, £4 is the electrode area, D is the diffusion coefficient of
reacting species, v is the potential scan rate, and C is the concentration of reacting
species ([O] for calculating I and [R] for calculating ipa).

For irreversible processes (those with sluggish electron exchange and thus small
i,), the two peaks are reduced in size and widely separated when being compared
with reversible systems. Totally irreversible systems are characterized by a shift of
the peak potential with the scan rate:

RT k an Fv)"
E, =Ey, _m[o.m—zn(Dm )+ln( o ) (7.17)

a

where 7_is the number of electrons involved in the charge-transfer step, & is the rate
constant (kf for calculating E, and k, for calculating E), and v is scan rate. The
peak current density can be given by:

i,=299%10° xnx(arxn,)" x EAxD"* xv'"* xC (7.18)

The i, value is still proportional to the bulk concentration, but will be lower in
height (depending on the value of o).
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7.3 Fundamentals for Metal Electrocatalysis
7.3.1 Mechanism of Metal Electrocatalysis

As being discussed in Chap. 7.2.2, electrochemical reactions can be classified into
reversible and irreversible processes based on their exchange current density, i
One characteristic of the irreversible processes is a much smaller i, and thus the
requirement of a much larger # to achieve a same i as for the reversible processes
(Eq. 7.12 and Fig. 7.3). If an electrochemical cell is constructed using irreversible
half-cell reactions, the working cell voltage will be significantly smaller than the
open-circuit value. Consequently, the energy conversion efficiency will be signifi-
cantly lower than the theoretical value.

The irreversible half-cell reaction kinetics can be improved by metal electroca-
talysis. From Eq. 7.13, i is affected by several parameters, including the number of
electrons being transferred (7), the pre-exponential constant (A), the charge transfer
coefficient (o), the concentration of reacting species ([O] and [R]), and the rate con-
stants (kf and k,). kf and k, depict the intrinsic kinetics of forward and reverse half-
cell reactions. Similar to chemical reactions, k.and &, for the half-cell reactions also
follow the Arrhenius law (Eq. 7.11) and are functions of their activation energy (£, of
and E_,). The irreversible half-cell reactions have large E, and E_, values, which
cause small k.and k,. In consequence, a small i is resulted and a large 7 is required
for the half-cell reactlon to occur effectively.

Metals can change the reaction rate by promoting a different molecular path
for half-cell reactions, which is named metal electrocatalysis. Rather than directly
exchanging electrons with electrode, the reacting species first interact with metal
surface atoms. The interaction can lead to the generation of altered active intermedi-
ates, which further exchange electrons with electrode and react [23]. By altering the
reaction path, the energy barrier can be effectively decreased, leading to improved
rate constant and thus increased reaction kinetics (Fig. 7.5) [24].
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7.3.2  Kinetics of Metal Electrocatalysis

The overall reaction rate of an electrocatalytic reaction is limited by the rate of the
slowest step in the path, including diffusion of reactant(s) from bulk electrolyte to
catalyst surface, electrocatalytic reaction, and diffusion of product(s) from catalyst
surface back to bulk electrolyte. Here we focus on electrocatalysis and assume the
diffusions are much faster than the electrocatalytic reaction rate, which means that
the concentrations of reacting species on catalyst surface are equal to those in bulk
electrolyte and the overall reaction is con}rolled by metal electrocatalysis. If we
consider a simple half-cell reaction O + ne <:/> R occurring under metal electrocatal-
ysis, the reaction path typically involves thkrhee steps including reactant adsorption,
surface reaction, and product desorption:

0+8=0-58 (7.19)
ks
O-S+neR-S (7.20)
kp
R-S&R+S (7.21)

where S stands for metal active sites, and O-S and R-S are adsorbed O and R spe-
cies. The overall reaction rate law (7) is determined by the rate-limiting step, which
can fall in one of the following three situations for different reactions and/or using
different catalysts.

1. Adsorption-limited process:

_ (k,[0]-k_,K,[R]/Ky)-C,
"L K, [R]+ K, [R]/ K, (7.22)

2. Surface reaction-limited process:

_ (ksKo [0] — k—sKR [R]) i Cz
"I K, [0+ K, [R] (7.23)

3. Desorption-limited process:

P (kDKSKO [O] _ k—D [R]) ) Cz
14K, [0]+ KK, [O] (7.24)

where k, and k_, are the rate constants for [O] adsorption, kg and k_ are the rate
constants for the surface reaction, k, and k_,, are the rate constants for [R] desorp-
tion, K, and K, are the equilibrium constants for O and R adsorption, K is the
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equilibrium constant for the surface reaction, and C, is the concentration of metal
active sites. The electrochemical reaction is at equilibrium, i.e. #=0, at #=0.

The exchange current density, i, is largely determined by the rate constants of
the rate-limiting step from the aforementioned rate law expressions. Taking the
surface reaction-limited process as one example, both K, and K, are significantly
larger in values than kg and 4 (. If we consider a special case where K, and K, have
similar values and O and R have comparable concentrations, the apparent rate con-
stants for the forward and reverse half-cell reaction under metal electrocatalysis
will become kf ~k, /2and k, =k_ /2. In another word, the rate constants for the
overall electrochemical reaction are directly determined by the rate constants of the
surface reaction step for a surface reaction-limited mechanism. If we take & /-l and k,
values into Eq. 7.13, we can describe i, as a function of k;and £ g

iy = nFA(ks 12)“(k_¢ /2)*[0] “[R]" (7.25)

From this equation, the electrochemical reaction kinetics of a surface reaction-lim-
ited process can be promoted by using metal catalysts that exhibit high k¢ and & ¢
values.

7.4 Fundamentals for Metal Electrocatalyst

An electrocatalyst by definition is a catalyst that participates in an electrochemi-
cal reaction and alters the reaction kinetics without being consumed in the process.
Many types of materials can serve as electrocatalyst, among which metals are most
often used for their outstanding property. Chapter 7.3 provides discussions on the
mechanism of metal electrocatalysis and the kinetics of electrocatalytic reactions.
Similar to heterogeneous catalyst, metal electrocatalyst is reaction specific. A metal
electrocatalyst good for one electrochemical reaction might be completely inactive
for another. For a same electrochemical reaction, some metals exhibit high activ-
ity, while some others are inert. For surface sensitive electrochemical reactions, the
property of metal electrocatalyst can be significantly altered by the nature of the
metal surfaces exposed. From Chaps. 7.2 and 7.3, we learn the electrochemical reac-
tion kinetics is determined by i, which can be affected by the interaction between re-
acting species and metal active sites. In this section, we discuss several major factors
that can affect the metal-reacting species interaction and thus the reaction kinetics.

7.4.1 Electronic Effect

As being discussed in Chap 7.3, metal electrocatalysis involves interaction between
reacting species and metal active sites. At molecular level, the interaction is caused
by the different energy levels of their outer-layer electrons, which lead to electron
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Table 7.2 Shifts in d-band centers, ¢, of surface impurities (A) and overlayers (B) relative to the
clean metal values (bold).

Fe  |Co |Ni |Cu |Ru |Rh |Pd |Ag |Ir Pt |Au

A

Fe | -0.92|-0.05| =020 -0.13| =0.29 | —0.54 | —=1.24 | —=0.83 | =0.36 | —1.09 | —1,42
Co 0.01| -1.17 | —0.28 | —0.16 | —0.24 | —0.58 | —=1.37 | —0.91 | —0.36 | —1.19 | —1.56
Ni 0.09 0.19|-129| 0.19| -0.14 =031 | -0.97 | -0.53 | =0.14 | =0.80 | —1.13
Cu 056 0.60| 027|-2.67 058 032|-0.64 -0.70| 0.58 —0.33|—1.09
Ru 021} 026| 0.01| 0.12| —1.41|-0.17| -0.82 | =0.27 | 0.02 | -0.62 | —0.84
Rh 024 034| 0.16| 044 0.04|-173|-0.54 0.07| 0.17-0.35|—-0.49
Pd 037 054 050 094 024 036|-1.83 059 053 0.19] 0.17
Ag 072 0.84| 0.67| 047, 084 086| 0.14 —430 1.14  0.50]-0.15
Ir 021 027 0.05| 0.21 0.09| -0.15| -0.73 | =0.13 | —=2.11 | —0.56 | —0.74
Pt 033 048| 040| 072, 0.14| 023|-0.17 044| 038 —2.25/-0.05
Au 063 077, 063 055 070 0.75| 0.17| 021 098] 046 —3.56
B
Fe | -0.92| 0.14| -0.04| -0.05| —=0.73 | —=0.72| —=1.32 | —=1.25 | =0.95 | —=1.48 | -2.19
Co | -0.01| -1.17 | -0.20 | —0.06 | —0.70 | —0.95 | —=1.65 | —1.36 | —1.09 | —1.89 | —2.39
Ni 096, 0.11|-1.29| 0.12| —=0.63| -0.74| -1.32 | —1.14 | -0.86 | —1.53 | =2.10
Cu 025 038| 0.18|-2.67 —022|-0.27|-1.04 —-1.21|-032 —1.15|—-1.96
Ru 030, 037 029| 030 —1.41|-0.12| -047 | -0.40|-0.13 | —0.61 | —0.86
Rh 031 041 034 022, 0.03|-1.73|-0.39 -0.08| 0.03 —0.45|—0.57
Pd 036, 0.54| 054 080 —-0.11| 025|-1.83 0.15| 031 0.04 —-0.14
Ag 055 0.74| 0.68| 062, 050 0.67| 027 —-430 080 037|-0.21
Ir 033 040 033| 056 —0.01|-0.03|-0.42 -0.09|—-2.11 —0.49 | —-0.59
Pt 035 053, 054 078 0.12| 024 0.02| 0.19| 0.29|-2.25|-0.08
Au 053 0.74| 071 0.70| 047 0.67| 035 0.12| 0.79 | 0.43|-3.56

The impurity/overlayer atoms are listed horizontally and the host entries are listed vertically. The
surfaces considered are the closest packed, and the overlayer structure are pseudomorphic. All
values are in €V, and the e, values are relative to the Fermi level (reprinted with permission from
[31], copyright 2007 Elsevier)

transfer to minimize the system energy. The process is usually accompanied by
chemical bond breakage/formation, including chemisorption and intermediate gen-
eration. The d-band center of metals relative to the Fermi level, ¢, has been identi-
fied as a good measure for describing the strength of interaction with reacting spe-
cies [25-29]. Nerskov and coworkers have calculated ¢, values of different metals
as well as their alloys and overlayer structures (Table 7.2) [30]. They have achieved
promising successes in using the data for explaining chemisorption of molecules to
metals.

From Table 7.2, we learn that the ¢, alters with metals, which helps to explain
why they have different interaction with reacting species and exhibit different
electrocatalytic property. For example, the platinum group metals (including Ru,
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Rh, Pd, Ir, and Pt) are effective electrocatalyst for CO electro-oxidation reaction,
whereas the coinage metals (including Cu, Ag, and Au) are inactive toward this
reaction [32—-34]. The little activity of coinages metals could be attributed to their
significantly deeper d-band centers comparing to the platinum group metals, which
leads to much weaker interaction with CO molecules. The arguments are in good
consistence with Fourier transform infrared spectroscopy (FTIR) studies, which ob-
serve little CO adsorption to the coinage metals but strong CO adsorption to the
platinum group metals.

Another important message drawn from Table 7.2 is that the ¢, of metals can be
adjusted by alloying or creating heterogeneous overlayers. The shift in ¢, has been
attributed to charge transfer and/or lattice change due to incorporation of a second
metal. For instance, the ¢, of pure Pt is —2.25 eV, which enables Pt to interact mod-
erately with many reacting species and makes it an active catalyst for a variety of
electrochemical reactions, for instance oxygen reduction reaction (ORR), methanol
oxidation reaction (MOR), and ammonia oxidation reaction (AOR) [20, 35-42].
Fundamental studies have suggested a more negative ¢, for Pt in ORR to suppress
the adsorption of hydroxyl species, which compete with ORR and negatively influ-
ence the reaction kinetics. From Table 7.2, the ¢, for surface Pt can be shifted nega-
tively when it is alloyed with selected elements (Pt-M, M=Fe, Co, Ni, Cu, etc) or
is overlayered on these metals. In experiments, these alloys and overlayer structures
have been demonstrated with improved ORR kinetics than pure Pt [43—47], which
validates the d-band theory.

7.4.2 Geometric Effect

The physical structure of metals depends primarily on the arrangements of atoms
that make up the metals. Most of metal electrocatalyst nanoparticles are crystalline
in structure, i.e., the metal atoms being arranged in a pattern that repeat themselves
in three dimensions. Body-centered cubic (bcc), face-centered cubic (fcc), and hex-
agonal close-packed (/cp) structures are most often observed for crystalline metals.
The atom arrangement, or geometry, can vary significantly with different crystal
structure and planes. Correspondingly, the geometric structure of metal surface can
be greatly altered by exposing different crystal planes. Figure 7.6 shows the geo-
metric structure of (100), (110), and (111) surface planes of an fcc structure, which
have different atom arrangements and atom-atom distances.

It is often that multiple active sites are required simultaneously to catalyze elec-
trochemical reactions. How these metal active sites arrange can thus dramatically
alter their interaction with the reacting species, which lead to an altered reaction
kinetics. These kind of electrochemical reactions are grouped as surface sensitive
reactions, in which the surface geometry of metal nanoparticles can play a deter-
mining role. For instance, CO can be oxidized into CO, under Pt electrocatalysis,
and the reaction is found sensitive to Pt surface. Mechanistic studies suggest an
Eley—Rideal (E-R) mechanism in an alkaline solution [48]:



7 Metallic Nanostructures for Electrocatalysis 217

(100) (110) (111)

Fig. 7.6 Schematic illustration of (100), (110), and (111) surface planes of fcc metals

CO,, +20H — CO, + H,0+2¢" (7.26)

Adsorbed CO molecules on Pt react with OH- in the bulk phase, which leads to pro-
duction of CO, and H,0 and meanwhile generation of electrons. Figure 7.7 shows
the voltammetric CO oxidation on single crystalline Pt (111), (110), and (100) [48].
The main anodic peaks are resulted from E-R CO oxidation, while the small shoul-
der peaks in the double layer region are attributed to the reaction between CO,, and
OH_, adsorbed on defect sites via a Langmuir-Hinshelwook (L-H) mechanism.
The reaction exhibits varying onset potentials on different Pt surfaces, following
the order E,, 9 < Ep00) < Epiny It suggests different reaction kinetics in order
of iy pa10) > b paooy > bo.painy A plausible explanation is that CO molecules form
multiple bonds with Pt active sites when they adsorb to the surface. The CO,, on
Pt (111) is primarily triple bonded while the CO_, on Pt (110) and (100) are less
bonded due to geometric constraint. The more stabilized CO,, on Pt (111) cause a
larger £, and thus a smaller i, for electro-oxidation comparing to that on the other
two Pt surfaces.

7.4.3  Other Effects

Besides the electronic and geometric structures of metals in controlling the intrinsic
kinetics of electrochemical reactions, some other factors can also play an important
role. Here, we briefly discuss two major effects which often involve in metal elec-
trocatalysis.

7.4.3.1 Third-Body Effect

A third-body effect describes the role of second metal atoms, which by themselves
are inactive and do not directly involve in electrocatalysis, in blocking the active
sites for a side reaction or in blocking the adsorption of poisoning species, which
require multiple adjacent active sites for adsorption. In this effect, the second metal
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Fig. 7.7 Electrochemical oxidation of adsorbed CO on Pt (hkl) in 0.1 M NaOH solution: (a) Pt
(111), (b) Pt (110), and (c) Pt (100). Scan rate=50 mV/s, background CV (dotted line) collected
immediately after CO stripping (reprinted with permission from [48], copyright 2004 Elsevier)
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atoms does not improve the reaction turnover frequency (TOF) on individual active
sites of the first metal, but alter the distribution of reaction pathways by breaking
the active sites into smaller ensembles.

One example is the formic acid electro-oxidation reaction (FAOR), which have
two major reaction pathways (dehydrogenation and dehydration) under metal elec-
trocatalysis [49]:

HCOOH —*eseaton s O, +2H" +2e” (7.27)
HCOOH —ver s cQ .+ H,0 — CO,+2H" +2e” (7.28)

FA molecules are directly electro-oxidized to CO, in a dehydrogenation pathway,
while CO,-like intermediates are first generated and then oxidized to CO, in a
dehydration pathway. The reaction occurs via both pathways when pure Pt is used.
The generated CO,, through FA dehydration readily adsorb to Pt and block the ac-
tive sites for further FAOR, causing decreased amount of the active sites and thus
diminished activity (Fig. 7.8) [49]. PtAu alloy nanoparticles exhibit significantly
higher activity than pure Pt, which can be attributed to the third-body effect. Al-
though Au is inert for FAOR, it can modify the Pt surface by breaking the Pt atoms
into smaller ensembles. As the dehydration path requires multiple adjacent Pt sites,
it is effectively suppressed due to decreased availability of such site ensembles. The
FAOR thus primarily undergoes the dehydrogenation pathway on PtAu and gener-
ates less CO, . poisoning species than on pure Pt, leading to increased reaction rate
and thus current density.
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7.4.3.2 Bifunctional Effect

In the bifunctional effect two types of active sites, which have distinct roles in the
electrochemical reaction, are in presence and in close adjacency. It is often that an
electrochemical step involves two reacting species, both of which need activation
but impose different requirements on the active sites. A good catalyst needs to con-
tain two types of active sites, which function together to activate both species and
to ensure efficient reaction between the two species.

For example, electro-oxidation of adsorbed CO on Pt (CO, ) in an acid elec-
trolyte is considered following a L-H mechanism [50]:

H,O0+Pt—OH,, ,, +H" +e (7.29)

CO,p +OH y p, > CO, +H" +e” (7.30)

The reaction has little activity below 0.6 V vs. reversible hydrogen electrode (RHE),
which is limited by Step (7.29) because pure Pt cannot effectively adsorb OH spe-
cies until the potential (Fig. 7.9). Bimetallic Pt-Ru is discovered to be a better
electrocatalyst for this reaction, with more negative onset potential (i.e., bigger i)
comparing to pure Pt. One plausible explanation is that Ru adsorbs OH groups ef-
ficiently at low potentials, which react with adsorbed CO on Pt sites:

H,O+Ru— OH ; ., +H" +e (7.31)
CO,yp, +OH o, > CO, +H' +e (7.32)
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The reaction mechanism is altered by using the bimetallic Pt—Ru, in which Ru pro-
motes the OH adsorption and Pt promotes the CO adsorption. They function to-
gether to catalyze the reaction at a lower potential than pure Pt.

It needs to be noted that all the four effects are functions of the physical pa-
rameters of metal electrocatalyst, some of which are common. Adjustment in one
physical parameter can lead to variations in multiple effects. In another word, it is
often that multiple effects work simultaneously to determine the electrochemical
reaction kinetics, although one of them might play a dominating role. For instance,
the higher FAOR activity on PtAu alloy than on pure Pt can be mainly attributed to a
third-body effect (Chap. 7.4.3.1), in which surface Au atoms by themselves are inert
for the reaction. Their presence helps to break surface Pt atoms into discontinuous
ensembles, suppresses the undesired pathway, and leads to increased reaction rate.
Besides the third-body effect, the addition of Au atoms also alters the geometric
structure of the particle surface. It is because that Au and Pt have different atom
size and electron affinity, which cause surface restructuring and changes in the lat-
tice parameters. From Table 7.2, the ¢, for surface Pt shifts up when being alloyed
with Au, which indicates an alteration of the electronic structure. Thus, besides the
dominating third-body effect, the geometric and electronic effects could also pos-
sibly play a role in the FAOR reaction. Because of the fact that multiple effects can
work together and influence each other, it is sometimes difficult to disentangle their
separate impact on the reaction. A synergistic effect, a more general term which
describes the creation of an effect greater than the sum of individual effects due to
the interaction of multiple elements in electrocatalyst, is sometimes used to include
all possible effects.

7.4.4  Practical Considerations in Metal Electrocatalyst Research

Some practical issues also need consideration in the metal electrocatalyst research.
It is because metals have their own physical and chemical properties, which can af-
fect and even determine the electrochemical property.

7.4.4.1 Chemical Stability of Metals

The chemical stability of metals requires practical consideration in researching
metal electrocatalyst. A good metal electrocatalyst should well maintain its struc-
ture and chemical identity under the working condition. For instance, mechanistic
studies suggest a down-shift in the d-band center of Pt, which has a ¢, of =2.25 €V,
for promoting the ORR kinetics [51]. If we only consider the electronic effect, Cu
has a moderately deeper ¢, of —2.67 €V and could be expected to be a better elec-
trocatalyst than Pt. However, Cu is not a suitable ORR catalyst at all. It has a low
redox potential and can readily dissolve in acid electrolyte in the ORR potential
range. Moreover, the low redox potential of Cu causes high coverage of OH spe-
cies even at low potentials, which compete with ORR and negatively influence the
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Table 7.3 Standard redox potentials for metals

Half-cell reaction Ef,, 4 (Vvs. SHE)
Fe’* +2¢ & Fe —0447
Co** +2¢” = Co —0.28
Ni** +2e” & Ni ~0257
Cu* +2¢ & Cu 0342
Ru** +2¢” < Ru 0.455
RI* +3¢” < Rh 0.758
Pd** +2¢ < Pd 0.951
Ag* +e & Ag 0.7996
It +3e o Ir 1156
PP +2e < Pt 118
Au™ +3e” & Au 1458

reaction kinetics. Another example is the intermetallic PtPb electrocatalyst for both
MOR and FAOR at low potential range [52, 53]. It is discovered as significantly
better catalyst for the two reactions than pure Pt, which could possibly be attributed
to a combination of third-body and bifunctional effects. The Pb surface atoms can
effectively adsorb OH groups at low potentials, which serve as one of the reacting
species, and break surface Pt atoms into smaller ensembles, which help to suppress
the undesired pathway. They function synergistically with Pt active sites for pro-
moting the reaction kinetics. However, it is observed the intermetallic PtPb rapidly
loses the activity if the working electrode is ramped to potentials above the Pb redox
potential. It is because Pb begins to leach out above the potential, which leaves a
pure Pt surface and loses the third-body and bifunctional effects. Table 7.3 lists the
equilibrium redox potential for some metals under the standard condition (EL? 4)s
which can be used as a qualitative measure for evaluating their chemical stability
under the working condition.

7.4.4.2 Metal Surface Restructuring and Segregation

Another practical consideration in the electrocatalyst research is restructuring and/
or segregation of metal surfaces, which affect the catalytic property by altering the
surface geometry. The real surface of working metal electrocatalyst, which is often
resultant of complex interplays between many factors, including surface restructur-
ing, surface segregation, and surface interaction with reacting species, can be quite
different from the ideal bulk structure.

It is a general phenomenon that the surface atoms can restructure and have dif-
ferent arrangement from those in the bulk, which is driven by a positive surface
energy. The surface atoms can also restructure under the interaction with reacting
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species. For instance, fcc Pt (100) surface under vacuum consists of a quasi-hexag-
onal structure, rather than the square symmetry (100) lattice. The surface restructur-
ing is driven by the surface energy minimization. When the Pt (100) is exposed to
CO atmosphere, CO molecules adsorb to the surface and can cause restructuring of
the quasi-hexagonally arranged surface Pt atoms back into a square-like structure.
This surface restructuring process is driven by the interaction between adsorbed CO
and surface Pt atoms [54].

Surface aggregation often occurs in alloys, which causes a different surface
composition from the bulk phase. The phenomenon is originated from the different
property between elements, including metal-metal bond strength and atom size.
Norskov and coworkers have calculated the segregation energies of all binary com-
binations of transition metals (Fig. 7.10) [28], which provide a valuable measure to
estimate the tendency of metals to segregate in their alloy surfaces. For instance, Pt—
Ru is among the most active electrocatalysts for MOR [55-59]. From the calculated
segregation energies, we learn that Ru strongly antisegregates when being alloyed
with Pt, whereas Pt strongly segregates when being alloyed with Ru. The resultant
surface structure under such segregation effects consists of separate Ru sites, each
of which is surrounded by several Pt atoms. Such a surface structure is favorable for
MOR, with the isolated Ru sites to provide OH species and the adjacent Pt sites to
activate methanol oxidation.

7.5 Current Development of Metallic Nanostructures for
Electrocatalysis

As the electrochemical reactions differ from each other in many aspects, including
reaction mechanism, intrinsic kinetics, reaction conditions, and so on, the imposed
requirements on metal electrocatalyst are often different. As a result, different elec-
trochemical reactions are found with different metallic nanostructures as the best
performed catalyst. In general, a good metal electrocatalyst for an electrochemical
reaction possesses the following characteristics: (1) it exhibits excellent activity
toward the reaction; (2) it is chemically stable and durable under the reaction condi-
tion; and (3) it is cost-effective. Here we briefly introduce a few important electro-
chemical reactions and discuss the current catalyst development.

7.5.1 Oxygen Electrochemistry

7.5.1.1 Oxygen Reduction Reaction

Oxygen reduction reaction (ORR) has been intensively studied over the past few
decades because of its fundamental complexity and practical importance for many
applications, including PEMFCs and metal—air batteries. The overall reaction in an
acidic electrolyte can be described as follows:
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Solute
3d 4d 5d

3d

Host [fcc(111), bee(110), hep(0001)]
4d

5d

Ficer
<-07eV very strong segregation
-0.7...03eV strong segregation
-03..005eV moderate segregation
-0.05..0.05eV no segregation
0.05 .. 03eV moderate antisegregation
03 .. 07eY strong antisegregation
> 0.7 eV very strong antisegregation

Fig. 7.10 Surface segregation energies for transition metal solutes in the close-packed surfaces
of transition metal hosts (reprinted with permission from [28], copyright 2002 Annual Reviews)

O, +4H" +4¢" —2H,0 (E,=1229V vs.SHE) (7.33)

There are two difficulties in the research of ORR metal electrocatalysts. One is the
low intrinsic exchange current density, i, which leads to very sluggish reaction
kinetics and large overpotential. The other is the high working potential in acidic
electrolyte, which imposes rigid requirement on the chemical stability of metals.
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Pt has been found the most effective metal for both reaction kinetics and stability
considerations. However, even the i, can be increased to around 107'% A/cm? using
Pt, it is still not sufficient for the reaction [60]. The current state-of-the-art Pt/C
catalyst exhibits around 0.2 mA/cm? Pt and 0.2 A/mg Pt at 0.9 V vs. RHE in ORR
[20]. Large amount of expensive Pt metal is needed to generate usable currents
with high energy conversion efficiency in both PEMFCs and metal—air batteries. To
advance these technologies the Pt usage must be dramatically reduced, with targets
of 0.7 mA/cm? Pt and 0.44 A/mg Pt at 0.9 V vs. RHE being set by the DOE [61].
Intensive research activities have been conducted in search of active Pt structure in
the past years to reach the targets, which led to the development of many types of
alloy [62—68], skin-layer [69—72], core-shell and thin-film electrocatalysts [73—76].

Mechanistic studies on Pt suggest that the ORR begins with adsorption of O, to
the active sites (Eq. 7.34), which is a fast process. The adsorbed O,, O, 'S, gains one
electron from the electrode and reacts with one proton to generate active intermedi-
ate HOO-S (Eq. 7.35), which is further electroreduced to H,0.

0,+8S < 0,/§ (fast) (7.34)
O, S+H" +e” & HOO-S (rate-limiting step) (7.35)

The HOO-S generation is discovered to be the rate-limiting step on Pt [77], which
determines the i, value and controls the ORR kinetics. The oxygen adsorption en-
ergy to the metal surface (AE,), which is a function of the metal electronic structure,
has been found an effective descriptor for the reaction. A valcano-like relationship
between the ORR activity and AE, has been discovered (Fig. 7.11), suggesting an
optimal AE, for a perfect metal electrocatalyst [51].
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Fig. 7.12 Preparation and
TEM of octahedral Pt-Ni
nanoparticles on C support
using solid-state chemistry
(reprinted with permission
from [61], copyright 2014
American Chemical Society)

@ Ni(acac),
- Pt(acac)

Studies show that single crystalline Pt,Ni (111) can be about 90 times more active
than the state-of-the-art Pt/C [62]. The largely improved kinetics could be attributed
to a down-shift in the ¢, of surface Pt and the (111) surface geometry. A plausible
explanation is that the rate-limiting step favors a more negative ¢ (or a less negative
AE,) comparing to that of pure Pt. Meanwhile, the (111) surface geometry is also
favored to decrease the surface coverage of adsorbed OH species, which negatively
influence the reaction by blocking the active sites for Eq. 7.35. The discovery has
motivated the research of octahedral Pt—Ni alloy nanoparticles, which are enclosed
by the (111) planes and have large specific active area [62, 63, 78-81].

Peng and coworkers has recently developed a scalable, surfactant-free, and low-
cost solid-state chemistry method for making octahedral Pt-Ni alloy nanoparticles
on carbon support (Pt-Ni/C) [61]. In the method, octahedral Pt—Ni/C can be pre-
pared by simply impregnating both platinum and nickel acetylacetonates onto C
support and reducing them at 200°C in 120/5 cm*/min CO/H, for 1 h. Mechanis-
tic studies suggest that the octahedral Pt—Ni production is resultant of employing
both CO and H, gases, wherein H, aids transportation and reduction of the metal
precursors on C support and CO is responsible for the particle morphology forma-
tion. Figure 7.12 shows the schematic illustration of the method and the produced
octahedral Pt—Ni nanoparticles.

The octahedral Pt-Ni/C nanoparticles with different composition were studied
for the ORR property, which exhibit significantly higher activity than the commer-
cial Pt/C (Fig. 7.13). The octahedral Pt, Ni/C shows the highest activity, withaj_
of 3.99 mA/cm? Pt being harvested at 0.90 V vs. RHE. It is about 20 times of the
value for the Pt/C (0.2 mA/cm? Pt). The j,  of the octahedral Pt, Ni/C is 1.96 A/
mg Pt and is 10 times as high comparing to the Pt/C (0.19 A/mg Pt) However, the
long-term stability of the octahedral Pt-Ni/C catalyst remains a challenge. After
4000 cycles of linear potential sweeps between 0.60 and 1.00 V vs. RHE at a scan
rate of 50 mV/s, thej  andj  for the Pt, Ni/C decrease to 2.17 mA/cm?* Pt and
0.97 A/mg Pt at 0.9 V vs. RHE, although the electrochemical active surface arca
(ECSA) decays by only 8 %. The instability of the octahedral Pt-Ni/C could be at-
tributed to a gradual Ni dissolution, which is chemically unstable in acid and under
high potential and tends to leach out.
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Fig. 7.13 ORR property of octahedral Pt-Ni/C. a ORR polarization curves and b, ¢ active area
and mass-specified ORR current densities (., and j, ) of PtNi/C, Pt, [Ni/C, Pt,Ni/C, Pt;Ni/C,
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Pt,Ni/C, and commercial Pt/C in O,-saturated 0.1 M HCIO, at room temperature, with a scan rate
of 10 mV/s and an electrode rotating rate of 1600 rpm, and d Cyclic voltammograms, e ORR,
andfj  andj  ofPt Ni/Cand commercial Pt/C after accelerated stability test (reprinted with
permission from [61], copyright 2014 American Chemical Society)

7.5.1.2 Oxygen Evolution Reaction

Oxygen evolution reaction (OER) differs from ORR in the reaction mechanism,
although it is considered as the reverse process of ORR. Thus, the characteristics
of'a good OER catalyst are different from that for ORR. The OER catalyst research
is of particular interest for water splitting, and regenerative fuels cells and batter-
ies. Mechanistic studies suggest the following OER pathway on metals in acidic
electrolyte [60, 82]:

H,0+S & HO-S+H' +e (7.36)
HO-S < O-S+H' +e (7.37)
0-S+H,0< HOO-S+H" +e (7.38)
HOO-S < S+0,+H" +e¢” (7.39)

It is proposed that Eq. 7.37 is the rate-limiting step when the active sites interacts
weakly with oxygenated species, while Eq. 7.38 is the rate-limiting step if the inter-
action is strong. Based on the mechanism, metals are actually more in their oxida-
tive state during electrocatalysis.

A perfect OER catalyst must have optimal interaction with oxygenated species
to balance the kinetics between the two steps. A valcano plot has been obtained
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Fig. 7.14 Volcano plot of the overpotential for OER vs. the enthalpy of the lower to higher oxide
transition. Solid circles: in acidic electrolyte, hollow circles: in alkaline electrolyte (reprinted with
permission from [82], copyright 1984 Elsevier)

for the OER performance using different metals (Fig. 7.14) [82]. The change of
enthalpy for metal oxidation has been found a good descriptor for predicting the
OER property. Ru and Ir possess the most moderate values among all metals and are
thus found the most effective elements for the reaction. In practice, Ru and Ir oxide
nanoparticles are often used as OER electrocatalyst.

7.5.2 Hydrogen Electrochemistry

7.5.2.1 Hydrogen Evolution Reaction
Hydrogen evolution reaction (HER) receives considerable attention in recent years
for H, production via electrochemical and photo-electrochemical water splitting.
The reaction in an acidic electrolyte can be written as follows [51]:

2H"+2¢” > H, (E,=0.00V vs.SHE) (7.40)
The reaction pathway on metals is proposed as follows:

H " +e +S < H-S (rate-limiting step) (7.41)

HS+HS & H,+28 (7.42)
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A valcano-like relationship for the HER kinetics has been discovered as function of
the metal-hydrogen bond strength, which can be related to the electronic structure
of metal surfaces (Fig. 7.15) [51]. Pt possesses the most optimal metal-hydrogen
interaction among all the metals and thus exhibits the highest HER activity. Pt/C
nanoparticles are often used as HER electrocatalyst.

7.5.2.2 Hydrogen Oxidation Reaction (HOR)

Hydrogen oxidation reaction (HOR) is the reverse process of HER and serves as the
anode half-cell reaction for PEMFCs. Similar to HER, Pt is the most effective metal
in HOR for its optimal electronic interaction with hydrogen, and is thus most often
used as the electrocatalyst. It needs noted that the i value for HOR on Pt can reach
1073 A/em? [83], which is around several orders of that for ORR on Pt. Much less
amount of Pt is needed for HOR than for ORR. Thus, the electrocatalyst develop-
ment is more focused on ORR side in the PEMFC research.

7.5.3  Electrochemistry of Carbon-Containing Compounds

7.5.3.1 Methanol Oxidation Reaction

Methanol has been considered as an alternative fuel for constructing direct metha-
nol fuel cells (DMFCs), in which methanol oxidation reaction (MOR) serves as
an anode reaction. The reaction has slow kinetics because of its complex reaction
pathway. Despite the many mechanistic studies, the clear MOR mechanism is still
under active debates. Figure 7.16 shows a multipathway scheme for the reaction,
which is proposed based on the intermediate species identified in experiments [84].
Several routes involve the generation of CO,-like species, which can accumulate
on metal surface and block the active sites. Pure Pt exhibits a low activity toward
MOR, which is probably caused by a poisoning effect by the generation of CO,,.
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Based on current understanding of the reaction, a good MOR electrocatalyst
should effectively suppress CO, ;. generation and efficiently remove generated CO-
s+ PIRU/C alloy nanoparticles have been found a better catalyst than pure Pt for
the reaction. The property improvement has been attributed to both the third-body
and bifunctional effects. As being discussed in Chap. 7.4.3, the incorporation of
Ru breaks surface Pt atoms into smaller ensembles, which helps to suppress CO,
generation because the process requires multiple adjacent Pt sites. Meanwhile, sur-
face Ru atoms adsorb hydroxyl species (OH_, ), which helps to react with and thus
remove CO,,. Abruna and coworkers have recently prepared PtPb intermetallic
nanoparticles, which exhibit exceptionally higher MOR activity [52]. They reported
one to two orders of increase in the current density and no detectable CO,,  forma-
tion comparing to pure Pt. They concluded that the CO,,  generation pathway was
completely suppressed for MOR on the intermetallic PtPb (Fig. 7.17).

7.5.3.2 Formic Acid Oxidation Reaction

As being discussed in Chap. 7.4.3, formic acid oxidation reaction (FAOR) have ma-
jor dehydrogenation and dehydration pathways in parallel (Egs. 7.27 and 7.28) [49].
The dehydration pathway generates CO,,, which can poison metal electrocatalyst
by blocking the active sites. Pure Pt is a poor catalyst for the reaction, with the low
activity caused by CO_, accumulation on the surface. Pure Pd exhibits significantly
higher FAOR activity than Pt [85-89]. Spectroscopic studies suggest that FAOR
favors the dehydrogenation pathway on Pd comparing to Pt, which could be attrib-
uted to the electronic effect. The dehydration pathway and thus CO,,, generation are
suppressed on Pd, leading to improved FAOR rate.

The FAOR kinetics can also be improved by adding a second metal for modify-
ing the Pt surface. A range of PtM (M =Au, Bi, Pb, etc) alloy nanoparticles exhibit
greatly improved FAOR kinetics comparing to pure Pt [90—97]. Similar to the alloy
electrocatalysts for MOR, the improvement can be attributed to the third-body and/
or bifunctional effect. Peng et al. has recently demonstrated the importance of Pt
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Fig. 7.17 Cyclic voltammogram for MOR using carbon-supported Pt and PtM (M=Bi, Pb, and
Ru) alloy nanoparticles (reprinted with permission from [52], copyright 2006 American Chemical
Society)

surface composition in affecting the FAOR by studying PtAg alloy electrocatalyst
(Fig. 7.18) [98]. In the study Pt  Ag,, alloy nanoparticles were first synthesized by
reducing Pt acetylacetonate and Ag stearate in a mixture of 1,2-hexadecanediol,
oleylamine, oleic acid, and dipenyl ether at 200°C, and then put on a C support
for preparing Pt ;Ag.,/C. By adjusting the potential range used for electrochemical
dissolution of Ag from the Pt Ag,,, the surface composition of the particles can
be well controlled. The optimal surface composition was discovered to be Pt.Ag,
which leads to an overall particle composition of Pt,,Ag, for the FAOR, with the
activity being more than one order higher than that using pure Pt. In comparison, the
Pt-Ag structure with a pure Pt surface, which was produced using the Pt ;Ag., by
altering the electrochemical treatment potential, exhibits much less activity compar-
ing to Pt Ag,.

7.5.3.3 Ethanol Oxidation Reaction

Ethanol oxidation reaction (EOR) is an even more complex electrochemical reac-
tion comparing to MOR. A complete EOR process involves C—C bond breakage,
transfer of 12 electrons, and generation of many intermediate species. Figure 7.19
shows some suggested reaction routes for EOR from mechanistic studies [84]. In
situ FTIR and on-line DEMS studies show that ethanol cannot be effectively elec-
tro-oxidized into CO, on Pt. The CO, yield is only about a few percent, with the
major products being acetaldehyde and acetic acid. The low yield of CO, is caused
by inefficient breakage of the C—C bond, which creates a big energy barrier and
requires high energy input.
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Fig. 7.19 Multipathway scheme for EOR on metal surface (reprinted with permission from [84],
copyright 2008 Springer)
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Adzic and his coworkers have recently researched a ternary PtRhSnO,/C elec-
trocatalyst and claimed high effectiveness of the catalyst in splitting the C—C bond
[99]. They prepared the PtRhSnO,/C nanoparticles using a controllable deposition
called the cation-adsorption-reduction-galvanic-displacement method. The EOR
activity for the PtRhSnO,/C is more than two orders of magnitude higher than that
of the commercial Pt/C at 0.3 V vs. RHE. The dramatically improved activity was
attributed to a synergistic effect, in which Pt facilitates ethanol dehydrogenation
and modifies the electronic structure of Rh, Rh facilitates C—C bond breaking and
ethanol oxidation, and SnO, provides adsorbed OH species to oxidize the dissoci-
ated CO at Rh sites (Fig. 7.20).

7.5.4  Electrochemistry of Nitrogen-Containing Compounds

7.5.4.1 Ammonia Oxidation Reaction

Ammonia oxidation reaction (AOR) electrocatalyzed by metals has attracted con-
siderable interest for many potential applications, including direct ammonia fuel
cells [100—-102], electrochemical detection of ammonia [103], and wastewater treat-
ment [104, 105]. Mechanistic study discovers that AOR on Pt occurs via stepwise
dehydrogenation and generation of NH__, (x=1, 2) species (Fig. 7.21) [106, 107].
The NH, , undergoes dimerization to produce NH (y=2, 3, 4), which is the
rate-limiting step. Further dehydrogenation of NH produces final product, N,
[108-110]. Meanwhile, N_, can be generated via complete dehydrogenation of
NH, .- The produced N_; block the active sites due to strong chemisorption to Pt
and largely suppress AOR activity [109]. Studies on Pt single crystals find that
the reaction is geometric structure sensitive. Pt (100) is much more active than Pt
(111) and (110) [111-113]. Both experimental and theoretical results also suggest
less generation and easier removal of N_; on Pt (100) than on other surfaces [112,
114-117]. The synergistic effect leads to a dramatically higher AOR activity.
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Fig. 7.21 Schematic illustration of AOR pathways on Pt (100) and (111) surfaces (reprinted with
permission from [35], copyright 2013 Royal Society of Chemistry)

The finding suggests that cubic Pt nanoparticles, which are enclosed exclu-
sively by the Pt (100) surfaces, are good AOR electrocatalyst. Peng and cowork-
ers have recently produced cubic Pt nanoparticles on C support (PtNCs/C) using a
similar solid-state chemistry method as for preparing octahedral Pt-Ni/C [35]. The
PtNCs/C exhibits an AOR current density of 1.44 mA/cm? Pt at 0.6 V vs. RHE,
which is about five times of that using the commercial Pt/C (0.30 mA/cm?) at the
same potential. The significant enhancement in the current density represents much
improved reaction kinetics and demonstrates the geometric effect of Pt nanopar-
ticles on the AOR property (Fig. 7.22).

7.5.4.2 Hydrazine Oxidation Reaction

Hydrazine oxidation reaction (HZOR) has been applied in many industrial applica-
tions, including metal plating, corrosion protection, and direct hydrazine fuel cells.
It has been proposed that HZOR on metal surfaces proceeds through direct hydra-
zine electrochemical dehydrogenation into N,. The reaction involves no N-N bond
breakage and less electron transfer, and is thus intrinsically more active comparing
to AOR. The reaction pathway in an acidic electrolyte can be depicted as follows
[118]:
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Fig. 7.22 aTEM and b
HRTEM of cubic Pt/C
nanoparticles (PtNCs/C) pre-
pared using solid-state chem-
istry method, and ¢ the AOR
activity using the PtNCs/C
and the commercial Pt/C
(reprinted with permission
from [35], copyright 2013
Royal Society of Chemistry)
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N,H'+S & N,H,-S+2H" +e”
N,H,-S+S <o N,H,-2S+H" +e (rate-determining step)

N,H, 28 & N,+2H" +2e”

E (V vs. RHE)

(7.43)

(7.44)

(7.45)

Step (7.44) seems to be the rate-determining step and is discovered to be both
electronic and geometric structure sensitive. Dissimilar to AOR, for which Pt is
the most active among all metals, Rh exhibits the highest activity for AZOR. It
indicates Rh has the most optimal electronic structure for promoting the rate-lim-
iting process. The AZOR activity on different Rh surfaces follows the trend of Rh
(100)>Rh (111)>Rh (110) (Fig. 7.23). The geometric structure-dependent activity
could be attributed to the active sites requirement for N,H,-2S species generation,
in which two adjacent active sites with an optimal distance are needed. The studies
on single Rh crystals suggest that cubic Rh nanoparticles could be a good AZOR

electrocatalyst.
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