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Abstract

The chemical decomposition of H,0, to H,O and O, catalyzed by platinum nanocatalysts is important in many technologies
such as steam propulsion, biosensors, fuel cells, and synthetic chemistry. Surface chemisorbed oxygen strongly impacts the
kinetics of this reaction. However, the effect of this surface species has not been quantified in the context of the reaction
mechanism. This study determined the rate constants of the elementary reaction steps of H,O, decomposition on platinum
nanocatalysts. For that, hydrogen peroxide decomposition rate measurements were analyzed on samples with variable surface
chemisorbed oxygen (Pt(O)) abundance. The order of reaction in terms of surface Pt(O) abundance is 0.83, which indicates
a nearly first order effect on the rate of H,O, decomposition. This result is consistent with a reaction mechanism for H,0,

decomposition on platinum that involves two cyclic steps, where step 1 is the rate limiting step.

k=0.0028
Step I Pt+H,0,——— H,0 + Pt(O)

k=0.038

Overall 2H,0,~——2%, 0, + 2H,0
The rate constant (k) of step 2 is 14 times higher than that of step 1 at a reaction temperature T =295 K. This is consistent
with a 4.4 time larger activation energy for step 1. Reaction rates are initially faster on samples with more surface Pt(O) sites
because these sites decompose H,0O, through step 2 in the first cycle of the reaction. The relative rates of step 1 and step 2
become smaller at higher temperature. The method presented in this study can be used for determining the rate constants of
the intermediate reaction steps of many other chemical reactions that are important for numerous scientific and technologi-
cal applications.
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1 Introduction

The decomposition of H,0, to H,O and O, catalyzed by
platinum (Pt) nanocatalysts is an important chemical reac-
tion in energy conversion, chemical synthesis, and bio-
logical applications, among others [1-8]. In hydrogen fuel
cells, for example, H,0, can form as a parasitic interme-
diate of the oxygen evolution reaction and then decom-
pose to H,O and O,, which lowers the overall yield of
the process [9-11]. Similarly, the decomposition of H,0,
at the catalyst surface prevents the accumulation of high
concentrations of H,O, during its synthesis, which results
in significant economic losses [12, 13]. A catalytic coat-
ing was also recently implemented in super hydrophobic
underwater surfaces to generate O, in situ from H,0, to
form a thin gas layer between the surface and water, which
reduces drag and increases energy efficiency [14]. In addi-
tion to industrial applications, the decomposition of H,0O,
by porous Pt nanoparticles is being used to enhance cancer
treatments [15] and in other biomedical applications [16].

Hydrogen peroxide decomposition on platinum occurs via
a two-step mechanism in which Pt oxidizes to Pt(O) with the
release of a molecule of H,O in the first step. In the second
step Pt(O) reduces back to Pt releasing a second molecule
of H,O and molecular O, [17]. The environmental condi-
tions and catalyst properties play a complex role in the rate
and mechanism of the overall reaction [18]. The reaction is
first order in terms of H,0O, concentration and is affected by
temperature and pH [19-23]. Previous studies reported that
the rate of H,0, decomposition correlates with catalyst par-
ticle size [17, 19, 20, 24, 25]. However, we recently showed
that the size effect is explained by a correlation between
surface chemisorbed oxygen abundance and particle size
on platinum nanocatalysts heated in air [26]. Calcination
of the nanocatalysts in the presence of air increases the
abundance of chemisorbed oxygen at the catalysts surface
which increases the rate of H,O, decomposition [17, 24,
27]. Understanding these effects is important because cata-
lysts are subjected to a range of conditions before and during
their use, which affect their physicochemical properties and
therefore impact their catalytic rate of H,O, decomposition.

The rate constants of the elementary reaction steps of
H,0, decomposition on platinum have never been quanti-
fied. This is important because the decomposition of H,0,
on platinum happens through a two-step process and one
H,0, molecule is decomposed in each step [17]. This
opens the opportunity for catalyst improvements that tar-
get the rate limiting step of the reaction. It is thus crucial
to evaluate the relative rate of each reaction step in order
to control the overall rate of reaction.

In this study we quantify the rate constants of the
intermediate reaction steps of H,O, decomposition on

platinum. For that, we investigated the effect of surface
oxygen in the overall rate of reaction on platinum nanocat-
alysts subjected to different surface treatments. The results
show that the first step of H,O, decomposition involving
Pt — Pt(O) is the rate limiting step of the reaction and is 14
times slower than the second step where Pt(O) — Pt along
with the decomposition of a second molecule of H,0,.
That is corroborated by a 4.4 times larger activation energy
for step 1. This new information enables targeted catalyst
optimization to improve our ability to control the rate of
H,0, decomposition catalyzed by platinum nanocatalysts
in different applications.

2 Materials and Methods
2.1 Platinum Nanocatalysts

The rate of H,O, decomposition for platinum nanocatalysts
was analyzed as a function of their surface oxygen abun-
dance. Rate data were obtained from the literature and nor-
malized for surface area [17, 25, 26]. The surface chem-
isorbed oxygen abundance of the samples has the range of
0.21<0<0.69 [26] (Table 1). The platinum nanocatalysts
used in these prior studies are known as platinum black and
platinum nanopowder. These two platinum nanomaterials
are synthesized through different methods, which results
in distinct surface chemisorbed oxygen abundance [25].
Platinum black is synthesized by reductive hydrogenation
of PtO, (known as Adam’s catalyst) in aqueous dispersion
[28]. Platinum nanopowder on the other hand is obtained by
chemical vapor deposition condensation [29]. Both samples
were subjected to various treatments that further changed
their particle size (d) and surface chemisorbed oxygen (6)
[25]. The catalyst samples are divided in 8 sample sets based
on their synthesis process and post-synthesis treatments (see
Sect. 4.1).

2.2 Rate Constants of the Individual Reactions
Steps

The rate data obtained from previous studies was collected
at variable H,0, concentration, reaction temperature and
pH [17, 25, 26]. Briefly, the rate measurements were per-
formed by adding 6 mg of a platinum nanocatalyst sample
with known particle size and surface 6 to an Erlenmeyer
flask containing 1 L of H,0O, solution previously prepared
at the desired conditions of, pH and T. The solution was
sampled every 60 s for 5 min and the aliquots were used to
determine the H,O, concentration through a spectropho-
tometric method [17]. The initial rate method was used to
determine the rate of H,O, decomposition [30]. The H,0,
concentration was fit to a quadratic equation as function
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Table 1 Notation used and units

H,0, Initial rate of H,0, decomposition, mol/m? s
Cu,0, Concentration of H,0,, mol/L
t Time, s
A Pre-exponential constant in Arrhenius equation, mol/m? s
E, Activation energy, J/mol
R Gas constant, 8.314 J/mol - K
T Temperature, K
ap+ Activity of H ion
k; Rate constant of reaction i, mol/m? - s
n; Reaction order for species i
R? Coefficient of determination for regression model
d Particle size (diameter), nm
Opy0) Fraction of surface oxygen in the form of chemisorbed oxygen determined by XPS
SosSpy Surface atomic fraction of oxygen or platinum, respectively, determined by XPS
Spio) Opy0) X Sp, surface atomic fraction of chemisorbed oxygen
% Spio) /(1/8 - Sp,), fraction of catalyst surface covered with chemisorbed oxygen (Pt(0)) sites
1-6 Fraction of catalyst surface exposing metallic platinum (Pt) sites

Rate of reaction step i

of time and the slope of the curve at =0 was used to
determine the rate of H,0, decomposition at each set of
conditions.

The decomposition of H,0, involves the oxidation of
Pt to Pt(O) in the first step and its subsequent reduction
to metallic Pt in the second step [17]. To determine the
rate constants of the two reaction steps, we analyzed the
kinetics of H,O, decomposition on platinum surfaces
with variable surface Pt(O)/Pt ratios. As the rate constant
of a reaction depends on temperature through an Arrhe-
nius relationship [31, 32], the analysis of the rate data
was carried at the three tested experimental temperatures,
2+2°C,21+2°Cand45+5°C[17, 18, 25, 26]. The rate
data and surface 0 for the entire sample set can be found in
the supplemental information of Ref. [26]. The algebraic
derivation to determine the rate constants of the individual
steps is shown in Sect. 4. Table 1 gives the full notation
list for the derivations shown in this work.

3 Results and Discussion
3.1 Properties of the Platinum Nanocatalysts

The platinum catalyst samples used for H,O, decomposition
rate data analysis in this study were previously characterized
[25]. The rate data was normalized to the catalyst specific
surface area to allow quantifying size induced effects on the
catalytic activity. The fraction of catalyst surface covered
with chemisorbed oxygen (0) ranges from 0.21 to 0.69 for
the entire sample set. Particle size and surface chemisorbed
oxygen coverage of the original and treated nanocatalysts
are shown in Table 2.

3.2 Rate Constants of the Individual Reaction Steps

The decomposition of H,0, on platinum nanocatalysts is a
two-step mechanism as represented by Eqgs. 1, 2 and 3 [17].

Table 2 Particle size and

s Particle size Surface 0
surface 0 of the platinum
nanocatalyst samples used to As received platinum black 3.80 0.21+0.02
\r/r;;?:glrzstgi f;i ei; t(;f()t?;s:ot;vo As received platinum nanopowder 19.9 0.66+0.03
decomposition. Adapted with Platinum black heated in air 8.80-40.9 0.30-0.65
permission from Ref. [26] Platinum nanopowder heated in air 19.9 0.66+0.02
Platinum black heated in vacuum 19.3 0.23+0.01
Platinum nanopowder heated in vacuum 29.9 0.61+0.02
Platinum black pre-treated with concentrated H,0, 8.80 0.39+0.03
Platinum nanopowder pre-treated with concentrated H,O, 19.9 0.69+0.02
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Step 1 Pt+ H,0, — H,O0 + Pt(O) (1)
Step 2 Pt(O) + H,0, - Pt+ O, + H,O )
Overall 2H,0, — O, + 2H,0 ?3)

The overall rate of H,0, decomposition on platinum
nanocatalysts can be fit to a power law as function of H,0,
concentration, pH and surface 8 (Eq. 7) [26, 32].

_dCH 0. n n 0
Riyo, = —2% =k - (G, ) (@) @) @

The effect of temperature in the reaction rate follows an
Arrhenius relationship [30].

Rio, = (A -7 ) (Cpr,, ) (@) 0™ ®)

The rate data considered in this study was fit to Eq. 5,
which resulted in the following rate law for the overall
reaction of H,0, decomposition.

R — 10287 <e(—%)> < Co‘920:0.03> ( ao4037¢0.01) ((0)0.825&0403)
H,0, — H,0, H+

(6)

where k; = 10>%7 (e(‘((24'3il'6)1°3)/ R'T)) =0.0370, at room

temperature (T =295 K).

As shown in Reaction 1, 2 and 3, the decomposition of
H,0, by platinum nanocatalysts is a multiple-step mecha-
nism. Therefore, the rate constant of the overall reaction
(k;) reflects the combined effect of temperature on the rate
constants of the multiple elementary steps of the H,O,
decomposition reaction [32, 33]. Therefore, the overall
rate of H,O, decomposition is given by the sum of the
rate of H,O, decomposition for step 1 (Eq. 1) and step 2
(Eq. 2). Thus, for a general case, Eq. 4 assumes the form
of Eq. 7.

R = ﬂ —k (90.828) <C0.920><a0.037)
H,0, dt 3 H,0, )\9u+

R0, = ky(1 = 071 (C230 ) (@) + ko0 (CH2 ) (a7

Rio, = (la(1 = 0" + ko)) (O30 ) (a57) 1)

where n; | and n; , are the reaction order in terms of the sur-
face catalyst sites in the metallic state (1 — 0) and the surface
catalyst sites with chemisorbed oxygen (0), respectively.

Re-arranging this equation to obtain an equation with 6
as the independent variable leads to

Ry0,

(Cho, ) (@)

= (ky(1 = 6 + ky(0)™2) = (0.0370)(6°%)

(®
And therefore,
ky ky 0828
1 —0)s: 0)Ys2 = (6" 9
0.0370( i 0.0370( ) ( ) ©)

For the case where step 1 and step 2 both have first order
kinetics in terms of surface metallic platinum (n, ; = 1) and
surface sites with chemisorbed oxygen (5, = 1), respectively,
Eq. 9 can be simplified to Eq. 10.

_ 9)1 + k_z(g)l — (90.828)

b
0.0370

0.0370

ky, —k
(90.828) _ ( 2 1)(9)+

10
0.0370 (10

1
0.0370

where ((k, — k,)/0.0370) and &, /0.0370 are respectively the
slope and the intercept of a linear regression that relates
0™ to 6. For the range of 8 evaluated in the present study,
at room temperature (7 = 295 K), this linear regression is
shown in Fig. 1.

The linear regression presented in Fig. 1 indicates that
k,/0.0370 = 0.076 and (k, —k;)/0.0370 = 0.964, which
results in k, = 0.038 mol/m* - s and k; = 0.0028 mol/m? - s
for T=295 K.

With the determined values of k; and k,, the rate law for
the overall reaction can be recast in terms of the intermediate
reaction rate constants (Fig. 2, model 1).

Ripo, = 0.0370(0°%) (€220 ) (a7

H+

a
0651 @08 =0.964© +0.076 xl
R20.99
055
8 | m’
% 045
0.35 M

0.25 F'

T T T T T

05 06 0.7

Fig.1 Linear regression between 6™ and () at 7= 295 K for
0.21<6<0.69
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C:n3=0.828, k3 = 0.037

Finzgq4=1,n3,=1
C: k; =0.0028, k, = 0.038

C:n;1=0.402,n3,=1,
k; =0.0030, k, = 0.037
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Fig.2 Comparison of predicted and measured log Ry o, for differ-
ent reaction order scenarios in terms of surface sites with metallic Pt
(n3‘ 1) and surface sites with chemisorbed oxygen (n3‘2). For each sce-

Rio, = (0.0028(1 — 0) + 0.038(9))(cgjgg) (a%9%7)

H+

)

For the cases where n;; # 1 and n;, # 1, the module
solver was used to provide the values of k; and k, by fitting
Eq. 7 to the measured rates of H,O, decomposition. The
effect of each variable on the rate of H,O, decomposition
can be linearized through a log transformation [30]. Figure 2
compares the log transformed rates of H,O, decomposi-
tion to the rates calculated for models that consider differ-
ent plausible values of n; and n; , for rate measurements
obtained at T=295 K.

The results show that if both step 1 and step 2 are assumed
to have first order kinetics in terms of 1 — 6 and 0, respec-
tively, the generated rate model has R>=0.80 (model 1)
(Fig. 2b). If the values of n5 ; and n, , are also allowed to be
regressed, n; ; changes to 0.402 but the value of n5 , stays the
same and equal to 1 (model 2). In this case R?=0.80, which
is the same as the R? value of model 1. Since the value of R?
does not change, the small change observed in the value of
n5 1 from model 1 to model 2 is likely due to the uncertainty
associated to the rate measurements. This indicates that the
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nario, the variables in black were fixed (F:) and the variables in red
were calculated (C:) using the module solver in excel to improve the
fit of Eq. 4 (a) or Eq. 7 (b—f) to the experimentally measured R values

assumption that step 1 has first order kinetics in terms of
1 — 0 and step 2 has first order kinetics in terms of 0 is valid,
which suggests that both step 1 and step 2 are elementary
steps of the overall reaction mechanism [32, 34]. Model 1
and model 2 explain the variance of the measured data to
the same extent as the model based on the overall reaction
(overall model), which supports that the reaction mechanism
shown in Egs. 1, 2 and 3 is correct [17]. For comparison,
we tested the effect of changing the values of n;; and n;,
(Fig. 2d-f). If both n5 ; and n; , are set equal to n; = 0.828
and not allowed to be fit, the R? lowers to 0.76 (model 3).
Likewise, if only one of these two values is imposed to be
equal to n;, while the other is left equal to 1, the R? of the
obtained model is still significantly lower than that of model
1 (Figure S1). The R? value decreases even further if the val-
ues of n5 ; and 15 , are decreased to 0.5 (model 4) or increased
to 2 (model 5). Taken together our results indicate that the
rate of H,0, decomposition is appropriately described in
terms of the intermediate reaction steps by Eq. 11 and at
T =295 K the rate constant of step 2 (k,) is 14 times faster
than that of step 1 (k;), which corroborates that step 1 is the
rate limiting step of the overall reaction [26].
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The rate constants of the reaction are affected by tempera-
ture following an Arrhenius relationship k = A - e~Z/R{1/D
[32, 33]. Equation 7 thus assumes the form of

_(Ea) Ea)
RH202 = <A1 <€ (RY(T) ) (] — 9)"3.1 + A2 <e(R)(T) > (9)”3.2)

(co) )
12

where Al(e_(Eal)/(R)(T)) =k, and A2<e(Eu2)/(R)(T)> =k,.

Equation 12 has four unknown parameters A, A,, E,; and
E,,. From the analysis of the results at 295 K (Fig. 2) n; ; and
ns, are equal to 1. The four unknown parameters were deter-
mined by fitting Eq. 12 to the entire data set which included
the rate measurements at 275 +2 K and 318 +5 K in addition
to the measurements performed at room temperature
(Fig. 3). The regression fit was further constrained by impos-
ing thatk, = 0.038 mol/m” - sandk; = 0.0028 mol/m* - s for
T =295 K as shown above. This additional constraint also
prevented the system from reaching an unrealistic minimum,
such as making A; =0 and A,=2.87, which would generate
the same equation as that represented by the overall rate
model (Eq. 6).

The results show that when all four parameters are
allowed to be fit, the activation energy of step 1 is 4.4
times larger than that of step 2 (model 6). This is con-
sistent with the fact that step 1 is the rate limiting step
of the reaction and its rate constant at T=295 K is 14
times slower than that of step 2. We compared the results
obtained for model 6 with a model where E,; and E,, were
imposed to be equal to 24,000 Jemol™!, which is the acti-
vation energy associated to the overall reaction of H,0O,
decomposition on platinum. This means that the difference
in the rate constants of step 1 and step 2 would be entirely
dictated by a different pre-exponential factor, which results
in A;=63.1 molem~2 and A, =794 molem~2. In this case
the R? of the regression reduced from 0.79 to 0.76, which

Fig.3 Comparison of predicted
and measured log Ry, ,, for dif-
ferent pre-exponential (A) and

C:E, =20135, E, = 4583
A, =13.1, A, = 6.290

indicates that model 5 is a more reliable representation of
the rate of H,O, decomposition as function of temperature.
Thus for a variable temperature Eq. 12 can be recast as

(_(20.1)103 > (_(4.58)]03 )
Ry, =[13.1-]e\ *T /|1 -0)+029-|e\  *T /|0)

(o ) (i)

This equation was used to calculate the values of k; and
k, at the other experimental temperatures, T=273+2 K
and T=318 +£5 (Table 3).

The difference between the rate constant of step 1 and
step 2 decreases with temperature because the effect of
temperature is stronger on step 1 (larger activation energy).
Step 2 is 20 times faster than step 1 at T=275 but their dif-
ference drops to only 8 times at T=318 K. Figure 4 shows
the effect of temperature on the rate constants of step 1 and
step 2 in the range of temperatures evaluated in this study.

The rate of step 1 increases faster than that of step 2 as
the temperature increases. That means that temperature
has a double effect on the overall rate of H,O, decomposi-
tion catalyzed by platinum. On one hand it increases the
individual rates of step 1 and step 2. On the other hand it
allows the rate of step 1 (the rate limiting step of the reac-
tion) to approach that of step 2.

Table 3 Rate constants of the overall (k;) and elementary reaction
steps (k; and k,) at the tested experimental temperatures

Temperature (K) k, k, ks

273 0.0020 0.039 0.0166
295 0.0028 0.038 0.0370
318 0.0065 0.051 0.0756

F: E,, = 24000, E,, = 24000
C:A,=63.1,A, =794

activation energy (E,) scenarios RM: eqa. 15 -4.4+ .
for both step 1 and step 2 of the - €9 . RM: eq. 15 . X
" : R?=0.79 - R?2=0.76 e
H,0, decomposition reaction. - : - . ”
i 3 -4.0 = my L] -4.8 .
For each scenario, the variables v -, “; 0 . _1%. Py
in black were fixed (F:) and the 2 - -0 g™
variables in red were calculated S . _'; = -5.24 - \_'-i- -'
(C:) using the module solver € -4 .8 o o T "
. . o . u ‘ . [} - Ll
in excel to improve the fit of 0 - z=n ¥ 56 [y 1
Eq. 12 to the experimentally 9 . " I "h‘- ]
measured R values at all tested _.: - . W -
reaction temperatures -5.61 b i (b) -6.01 et (a)
. model 6 . model 7
72 64 56 -48 40 72 64 56 -48 40

' Log R calculated

Log R calculated
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Ink, = In(0.29) — 283
-2.4 4 Jn 2 =1n(0.29) R-T
824 T
e 4.0 ke - inc1aq - 20135
3 nky =In(13.) - =
4.8 [
5.6-
-6'4— T T T T
0.0030 0.0032 0.0034 0.0036
1/T

Fig.4 Arrhenius relationship of k; and k, with temperature

3.3 Role of Chemisorbed Oxygen on Catalytic
Activity of H,0, Decomposition by Platinum

Our results show that the surface 0 of each sample affects
the initial rate of H,O, decomposition, particularly at low
temperatures. This is important because the abundance of
surface sites with chemisorbed oxygen varies for different
platinum nanocatalyst samples (Table 2). Because the rela-
tive rates of step 1 and step 2 are different, surface 8 changes
while platinum catalyzes H,0, decomposition until steady
state is reached. After steady state is reached the rate of step
2 becomes limited by the rate at which surface Pt(O) sites
are formed (step 1) [19, 35]. Therefore, at steady state

VI=W (13)

k(1 — e)C1f1202 = kzecﬂzo2 (14)
0ok

-0 & s

As shown in Eq. 15, after steady state is reached the ratio
of 8/1 — 6 (ratio of catalyst surface covered with Pt(O)
to catalysts surface covered with metallic Pt) at the nano-
catalysts surface depends uniquely on the ratio of the rate
constants of step 1 and step 2. This is important because
chemisorbed oxygen is more stable on larger platinum nan-
oparticles compared to smaller ones [36—39]. That means
that when steady state is reached, larger particles will have
a larger fraction of the surface covered with surface chem-
isorbed oxygen, and therefore their rate of H,O, decompo-
sition is also faster, regardless of their original surface 6
values. This is consistent with the fact that the surface 0 of
Pt nanopowder pre-treated with H,O, (d=19.9 nm) is 1.77

@ Springer

times higher than that of Pt black pre-treated with H,O,
(d=8.80 nm) (Table 2). Given that step 1 is the rate limit-
ing step of the reaction, from Eq. 15 we can conclude that
in steady state the overall reaction rate model can be repre-
sented by Eq. 16.

R _ —dCy,o, =2k, (1-0)( 2% ) (a2
H,0, dt 1 H,0, Ay«

(—M) 0.92 0.04
Ry, =2X 13.1 % <e T >(1 - 0)( 5% ) ()
(16)

The model shown in Eq. 16 indicates that when steady
state is reached the overall rate of H,O, decomposition
is twice the rate of H,0, decomposition through reaction
step 1. Reaction step 2 is responsible for most of the H,0,
decomposed in the initial moments of reaction for samples
with high surface 6, but the rate of this step becomes limited
by the rate of step 1 as soon as steady state surface 6 cover-
age is reached.

These results quantify for the first time the relative rate
of H,0, decomposition of the two intermediate reactions
steps and corroborates the fundamental role of surface
Pt(O) for controlling the overall rate of H,O, decomposi-
tion on platinum nanocatalysts. It reconciles previous studies
that reported induction periods of H,O, decomposition on
freshly exposed platinum surfaces [27, 39], while enhanced
rates were observed for samples subjected to cold-working
or heated in open atmospheric conditions [24]. This infor-
mation can be used to engineer both the catalyst properties
and reaction conditions toward controlling the rate at which
H,0, is decomposed. For example, by applying an electric
bias it is possible to change the fraction of the catalyst sur-
face covered with Pt(O) sites, which has the potential to
increase the rate of H,O, decomposition by a factor of 14 at
room temperature [21]. Likewise, the rate limiting effects of
step 1 can be reduced by using a higher reaction temperature.
These results have the potential to improve industrial and
technological applications that depend on the rate of H,0,
decomposition catalyzed by platinum, such as thrust genera-
tion on spacecraft jets and hydrogen fuel cells [1-3, 40].

4 Conclusions

Hydrogen peroxide decomposition on platinum is a cyclic
reaction where Pt oxidizes to Pt(O) and reduces back to
Pt. This work shows for the first time that the overall rate
of H,0, decomposition on platinum nanocatalysts can be
significantly increased by controlling the accumulation of
chemisorbed oxygen at the catalyst surface. Step 1, the
oxidation of Pt — Pt(O), is the rate limiting step of the
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reaction. The rate of step approaches that of step 2 for
higher reaction temperature. At steady state the overall
rate of reaction is twice the rate of step 1 because the two
steps happen sequentially. These results are important for
improving the efficiency of platinum nanocatalysts used in
technological and industrial applications, such as hydro-
gen fuel cells and hydrogen peroxide synthesis. In addi-
tion, the methodology presented in this study can also be
used to calculate the individual rate constants of many
other chemical reactions where the catalyst surface cycles
through two oxidation states. This will lead to improved
understanding of how reaction conditions and catalyst
properties can be engineered to optimize catalysis reac-
tions in different industrial and technological processes.
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