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ABSTRACT: Metal-catalyzed hydrolysis is an important reaction for
releasing hydrogen stored in ammonia borane, a promising fuel form for
the future hydrogen economy, under ambient conditions. A variety of
catalysts made of different transition metals have been investigated to
improve the efficiency of hydrogen generation; however, little attention
has been given to the possible influence of the compensation effect on
catalyst design. Using face-centered cubic (FCC) packed ruthenium (Ru)
nanoparticles supported on layered double oxide nanodisks, we show that
the compensation effect produces an isokinetic temperature at Ti =
17.5(±1.6) °C within the operational range of hydrogen generation. We
further show that the turnover frequency (TOF) of the reaction can be
maximized for operations performed below Ti by reducing the size of Ru-
FCC nanoparticles, which increases the fraction of edge and corner atoms and lowers the activation energy. At 15 °C, TOF can
reach more than 90% of the theoretical maximum (0.72 mol m−2 h−1) using Ru nanoparticles having an average diameter of 2 nm
and giving an activation energy of 17.7(±0.7) kJ mol−1. To generate hydrogen above Ti, TOF is maximized by using enlarged Ru
nanoparticles with a diameter of 3.8 nm, giving an activation energy of 87.3(±5.8) kJ mol−1. At 25 °C, these nanoparticles
produce a TOF of 1.8(±0.3) mol m−2 h−1, representing at least an 81% increase in comparison to the highest TOF reported for
elemental catalysts. Our results suggest that controlling the reaction activation energy by adjusting nanoparticle size represents a
viable strategy for designing catalysts that can maximize TOF for ammonia borane hydrolysis operated both below and above the
isokinetic temperature.

KEYWORDS: compensation effect, isokinetic temperature, metal hydride, hydrogen storage and production, nanoparticle nucleation,
supported and stabilized nanocatalyst, layered double hydroxide derivative

■ INTRODUCTION

A main objective of heterogeneous catalysis is to improve
reaction kinetics by adjusting the reaction activation energy Ea
through catalyst design.1,2 When the turnover frequency (TOF)
of the reaction becomes insensitive to the adjustment, the
temperature under which the insensitivity incurs is referred to
as the isokinetic temperature Ti. Ti originates from the
compensation effect,3−5 which manifests in a linear correlation
between Ea and the natural logarithm of the Arrhenius pre-
exponential factor A (aka the Cremer−Constable relation):5,6

α β= +A Eln a (1)

where α and β are constants. Ea and A are related to TOF by
the Arrhenius equation for zeroth-order reactions:7,8
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where R is the gas constant and T is the absolute temperature.
Combining eqs 1 and 2 gives
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with Ti = α−1R−1 and TOFi = eβ for T = Ti. For reactions
showing the compensation effect, estimates of Ti almost
exclusively lie outside the operational range of T,6,9 giving
scenarios of either T < Ti or T > Ti. To maximize TOF,
catalysts should be designed to decrease Ea if T < Ti but
increase Ea if T > Ti. Only a few exceptions such as the catalytic
synthesis of ammonia have Ti within the operational range of
T.6 Under such conditions, the influence of Ea on TOF depends
on the relative magnitudes of T and Ti.
Ammonia borane (NH3BH3) is a safe and efficient form for

storing hydrogen to power vehicles and portable devices.10−15

Hydrogen can be released from ammonia borane as the H2 gas
through metal-catalyzed hydrolysis under ambient conditions:16
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Given the urgency of replacing fossil fuels with clean and
renewable energy sources such as hydrogen, it is not surprising
that a wide variety of catalysts made of ruthenium (Ru),16−27

platinum (Pt),28,29 palladium (Pd),18,30−33 nickel (Ni),34−36

cobalt (Co),37−40 iron (Fe),41 and their alloys42−46 have been
investigated to improve the efficiency of ammonia borane
hydrolysis. Surprisingly, however, little attention has been given
to the possible influence of the compensation effect and thus
the existence of an isokinetic temperature on catalyst design.
After compiling experimental values of A and Ea from 26
reports,16−41 as shown in Figure 1a (cf. Table S1 in the

Supporting Information), we have observed a linear correlation
between ln A and Ea, strongly suggesting the influence of the
compensation effect on the kinetics of ammonia borane
hydrolysis. Least-squares regression to eq 3 gives an isokinetic
temperature of Ti = 293(±11) K = 20(±11) °C, comparable to
the operational temperatures of ammonia borane hydrolysis
under ambient conditions. As a result, the maximization of

TOF requires the ability to design and fabricate catalysts that
can both minimize and maximize Ea depending on whether
hydrolysis is operated at T < Ti or T > Ti.
A few recent studies have shown that the activation energy of

a heterogeneous catalytic reaction can be controlled by varying
the size of catalyst nanoparticles.47 In the nanometer range, the
decrease of particle size often leads to an increase in the
fraction of edge and corner atoms, which can stabilize reaction
intermediates better than atoms located on a flat terrace.
Consequently, the decrease of nanoparticle size can lower the
reaction activation energy. Likewise, the activation energy can
be increased by using large catalyst nanoparticles. The effect of
catalyst size on Ea has been observed for Pd-catalyzed p-
nitrophenol reduction and Pt-catalyzed ethane hydrogenolysis
and cyclohexene dehydrogenation.47−49 Although there has not
been a systematic study of the size effect for ammonia borane
hydrolysis, data compiled from the literature16−41 shown in
Figure 1b suggests that a positive and monotonic correlation
likely exists between Ea and the nanoparticle diameter d for d <
4 nm.
Here, we report the synthesis and evaluation of face-centered

cubic (FCC) packed Ru nanoparticles with diameters between
2 and 3.8 nm, which have tunable activation energies from 18
to 87 kJ mol−1 in ammonia borane hydrolysis. Using Ru-FCC,
we show that ammonia borane hydrolysis has an isokinetic
temperature of Ti = 17.5(±1.6) °C, comparable to the value
estimated from literature data but with much reduced
uncertainty. More importantly, we show that at 15 °C (i.e., T
< Ti) the TOF of hydrogen production can reach more than
90% of the expected maximum of TOFi = 0.72 mol m−2 h−1

using 2.0 nm Ru-FCC nanoparticles. At 25 °C (i.e., T > Ti), 3.8
nm Ru-FCC gives a TOF of 1.8 mol m−2 h−1. This represents
an 81% increase from the highest TOF reported so far for
ruthenium, the most effective elemental catalyst for ammonia
borane hydrolysis.16,20,50

■ RESULTS
Ru-FCC nanoparticles are prepared on two-dimensional
layered double oxide (LDO) support using a two-step method
as illustrated in Figure 2a. First, LDO nanodisks are immersed
in an aqueous solution containing ruthenium chloride (RuCl3)
for 24 h. LDO nanodisks, prepared by us in this study, have a
polycrystalline spinel (MgAl2O4) structure and a pseudo-two-
dimensional hexagonal shape,51 as shown in Figure 2b,c. The
hexagons have a nominal diameter of ca. 4 μm but a thickness
of only 40 nm. The ultrahigh surface-to-volume ratio of LDO
nanodisks maximizes their potential as catalyst support.52

Second, after being washed with deionized (DI) water, LDO
nanodisks are immersed in an aqueous solution saturated with
ammonia borane, reducing Ru3+ adsorbed on the nanodisk
surface to Ru0 nanoparticles. Transmission electron microscopy
(TEM), shown in Figures 2d,e, confirms that Ru nanoparticles
formed by reduction are well dispersed on the LDO surface.
High-resolution TEM reveals that Ru nanoparticles are FCC

single crystals with a diameter between 2 and 3.8 nm, as shown
in Figure 3a. The FCC structure is confirmed by fast Fourier
transform (FFT) of the micrograph, as shown in Figure 3b,
giving an electron diffraction pattern consistent with an FCC
crystal viewed along the [110] zone axis.53,54 The diffraction
spots are formed by the reflections of {111} and {002} planes,
giving a lattice constant of 0.371(±0.004) nm, consistent with a
theoretical value of 0.375 nm for Ru-FCC.54,55 The FCC
structure, together with the hexagonal shape in the TEM image,

Figure 1. Performance of transition-metal nanoparticles in catalytic
ammonia borane hydrolysis: (a) correlation between the Arrhenius
pre-exponential factor A and the activation energy Ea; (b) correlation
between Ea and the particle diameter d. Solid curves are least-squares
regressions (a, linear with R2 = 0.97; b, log-normal). Dashed curves
bracket 95% confidence bands. Nanoparticles included in this figure
are made of ruthenium, platinum, palladium, nickel, cobalt, and iron
(see Table S1 in the Supporting Information for data and sources).
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further suggests that a Ru nanoparticle is a truncated
octahedron when standing alone, having eight {111} and six
{100} facets.56 The lattice structure of Ru-FCC can be viewed

as the alternating stacking of three different {111} layers of
closely packed atoms, as shown by different colors in Figure 3c.
To compare with Ru-FCC, adding both LDO and ammonia

borane into the RuCl3 solution simultaneously produces
hexagonal close packed (HCP) Ru nanoparticles. The addition
of NH3BH3 immediately reduces Ru3+ in solution to Ru0

nanoparticles, which then adhere to LDO surfaces. As shown
in Figure 3d,e, Ru-HCP nanoparticles are also single crystals
but have a different electron diffraction pattern. Ru-HCP is
constructed by the alternating stacking of two different {001}
layers of closely packed atoms, as shown in Figure 3f.
When LDO-Ru-FCC is used to catalyze hydrogen generation

from the hydrolysis of NH3BH3 at a concentration of 100 mM,
we find that the gas product is H2 of high purity, with only
95(±12) ppm of ammonia as detected by colorimetric titration.
The minimal amount of ammonia release indicates that most of
the ammonium cation produced by reaction 4 stays in the
aqueous solution. This is consistent with the formation of boric
acid (H3BO3) from BO2

− and H+ and the subsequent increase
of pH under our experimental conditions.57 For analytical
purposes, hydrogen generated by hydrolysis can be measured
by the total volume of the gas because of its high purity. The
volume of H2 is then converted to the number of moles using
the molar volume of an ideal gas at 25 °C (i.e., 24.5 mL
mmol−1), at which the buret used to collect the gaseous
product is maintained. In practice, the trace amount of NH3 can
be readily removed from hydrogen before it is used to power
hydrogen fuel cells.58

Figure 4a shows that the molar accumulation of hydrogen, n,
released from LDO-Ru-FCC catalyzed NH3BH3 hydrolysis
increases monotonically with time t. In comparison, LDO
nanodisks containing no Ru nanoparticles cannot catalyze the
reaction. The n−t plot for LDO-Ru-FCC reveals three kinetic
regimes, including (I) a regime with increasing rates at t < 5
min, (II) a regime with a stabilized rate at 5 < t < 11 min, and
(III) a regime with decreasing rates at t > 11 min. We interpret
regime I as the continuing reduction of Ru3+ to Ru0 by

Figure 2. Preparation and morphology of Ru-FCC nanoparticles
supported on layered double oxide (LDO) nanodisks: (a) major steps
in preparation; (b) atomic force micrograph (AFM) of LDO
nanodisks; (c) AFM profile (location marked by the double-arrow
line in (b)) showing the thickness of LDO nanodisks; (d) transmission
electron micrograph (TEM) of LDO-Ru-FCC; (e) TEM of Ru
nanoparticles on LDO. Scale bars: (b) and (d), 1 μm; (e), 10 nm.

Figure 3. Structures of Ru-FCC and Ru-HCP nanoparticles supported on layered double oxide nanodisks: (a) high-resolution transmission electron
micrograph (HRTEM) of Ru-FCC; (b) fast Fourier transform (FFT) of (a) (view direction: [110]); (c) truncated octahedral model for Ru-FCC
with the top three layers of atoms of a (111) facet colored differently to illustrate the stacking of closely packed atoms in Ru-FCC; (d) HRTEM of
Ru-HCP (view direction: [111 ̅]); (e) FFT of (d); (f) truncated octahedral model for Ru-HCP, with the top two layers of atoms of a (001) facet
colored differently to illustrate the stacking of closely packed atoms in Ru-HCP. Scale bars: (a) and (d), 2 nm; (b) and (e), 5 nm−1.
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NH3BH3, in which the reaction rate increases as an increasing
amount of Ru0 becomes available. Once all Ru3+ is reduced to
the metallic state, the catalyst reaches its maximum potential,
giving a stable reaction rate (i.e., regime II) until NH3BH3
becomes depleted (i.e., regime III). We estimate the catalytic
activity of LDO-Ru-FCC by fitting the experimental data of
regime II to the pseudo-zeroth-order rate law:

= + −n n k t t( )0 0 0 (5)

where n0 and t0 are the total moles of H2 and time at the
beginning of regime II, respectively, and k0 is the rate constant.
Linear regression gives k0 = 0.35(±0.01) mmol-H2 min

−1 for
the data presented in Figure 4a (see Table S2 in the Supporting
Information for the selection of experimental data for
regression).
We further compute the turnover frequency by dividing k0

with the total surface area of Ru nanoparticles, τ:59

τ
=

k
TOF 0

(6)

To simplify the conversion, τ is calculated by assuming that
nanoparticles are monodispersed spheres with all their surfaces
exposed:

τ η
ρ

= m
d

6
(7)

where m is the total mass of LDO-Ru-FCC, η is the mass
percentage of Ru in LDO-Ru-FCC, and ρ is the density of Ru.60

Obviously, this assumption overestimates τ and thus under-

estimates TOF because not all of the surface of a catalyst
nanoparticle is exposed when it is fixed on a support.
Nonetheless, for the experiment shown in Figure 4a, given m
= 3.89 mg, η = 2.6(±0.1)%, ρ = 12.1 g cm−3, and d = 2.0(±0.4)
nm, we have τ = 0.025(±0.005) m2. Together with the value of
k0, we estimate TOF = 0.84(±0.18) mol-H2 m

−2-Ru h−1 for 2
nm Ru-FCC nanoparticles at 25 °C.
To obtain A and Ea for Ru-catalyzed NH3BH3 hydrolysis, k0

and TOF are estimated from experiments performed at six
different temperatures between 7 and 50 °C. As shown in
Figure 4b, the relationship between ln k0 and 1/T conforms to
the Arrhenius equation. Least-squares regression to eq 1 gives A
= 1045(±302) mol-H2 m−2-Ru h−1 and Ea = 17.7(±0.7) kJ
mol−1 for 2 nm Ru-FCC nanoparticles.
When the size of the Ru nanoparticles changes, both A and

Ea are found to vary systematically. The nanoparticle size is
adjusted by changing the concentration of RuCl3 in the solution
used to prepare LDO-Ru-FCC. By varying the RuCl3
concentration from 80 to 640 mg L−1, we can increase the
mass percentage of Ru from η = 1.2(±0.1) to 8.8(±0.2)%.
Accordingly, the mean value of nanoparticle diameter d
increases from 2.0(±0.4) to 3.8(±0.5) nm (see Figure S1 in
the Supporting Information for diameter histograms), as shown
in Figure 5a. As shown in Figure 5b,c, both ln A and Ea increase
linearly with the mean value of d (cf. Figure S2 in the
Supporting Information), indicating a linear correlation
between ln A and Ea as illustrated in Figure 5d. The values
of ln A and Ea range from 6.95(±0.29) to 35.8(±2.4) and from

Figure 4. Evaluation of the catalytic performance of layered double
oxide (LDO) supported Ru-FCC nanoparticles in ammonia borane
hydrolysis: (a) accumulation of the number of moles of hydrogen
generated by hydrolysis, n, over time t, which is used to estimate the
pseudo-zeroth-order rate constant k0; (b) correlation of k0 and the
turnover frequency (TOF) with temperature T according to the
Arrhenius equation (eq 1). Solid curves are least-squares regressions
((a), linear; (b), eq 1). Dashed curves in (b) bracket 95% confidence
bands. Error bars in (b) represent standard errors. Mean diameter of
Ru-FCC nanoparticles: 2 nm.

Figure 5. Tuning the catalytic performance of layered double oxide
(LDO) supported face-centered cubic (FCC) packed ruthenium (Ru)
nanoparticles by adjusting nanoparticle size. (a) Correlation of the
nanoparticle diameter d with the mass percentage η of Ru in LDO-Ru;
(b) correlation between the activation energy Ea and d; (c) correlation
between the logarithm of the Arrhenius pre-exponential factor A (ln
A) and d; (d) correlation of ln A and Ea, used to estimate the isokinetic
temperature according to eq 3. Solid curves are least-squares
regressions ((a), sigmoid; (b)−(d), linear). Dashed curves bracket
95% confidence bands. Error bars for d in (a), (b), and (c) represent
one standard deviation range of the corresponding values. All the other
error bars represent standard errors.
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17.7(±0.7) to 87.3(±5.8) kJ mol−1, respectively. While the
dependence of ln A on d is not normally reported, the
dependence of Ea on d for Ru-FCC in ammonia borane
hydrolysis is consistent with similar relationships for Pt
nanoparticles in ethane hydrogenolysis (Ea = 45−75 kJ mol−1

with d = 2−4 nm)49 and cyclohexene dehydrogenation (Ea =
8−46 kJ mol−1 with d = 2−4 nm).47 The wide ranges of ln A
and Ea measured for Ru-catalyzed NH3BH3 hydrolysis suggest
that the observed correlation between them is unlikely due to
experimental or statistical errors but rather originated from the
compensation effect.61−63

According to eq 3, the least-squares regression between ln A
and Ea gives Ti = 290.6(±1.6) K = 17.5(±1.6) °C and TOFi =
0.72(±0.10) mol-H2 m

−2-Ru h−1. Ti is slightly lower than the
value of 20(±11) °C estimated from literature data, whereas
TOFi is much greater than the literature-estimated value of
0.11(±0.08) mol-H2 m−2-catalyst h−1 because Ru is a much
better catalyst than other transition metals.16−41 TOFi is the
TOF ceiling for T < Ti, the TOF floor for T > Ti, and the
invariant TOF value at T = Ti, as shown in Figure 6. To

maximize TOF for T < Ti, a catalyst with the lowest Ea should
be used. Among all the catalysts prepared in this study, 2 nm
Ru-FCC nanoparticles have the lowest Ea of 17.7 kJ mol−1. At
15 °C, the low-activation sample gives TOF = 0.65(±0.14) mol
m−2 h−1, more than 90% of the theoretical maximum of TOFi.
For T > Ti, TOF is maximized by using 3.8 nm Ru-FCC
nanoparticles having the highest Ea value of 87.3 kJ mol−1. The
resulting TOF is 1.8(±0.3) mol m−2 h−1 at 25 °C, surpassing
the highest TOF reported so far for Ru by 81%.16 Recently,
suspended palladium−rhodium (Pd−Rh) nanoparticles pro-
tected by poly(N-vinyl-2-pyrrolidone) (PVP) has been
reported, achieving a TOF of 3.8 mol m−2 h−1 at 25 °C.64

Taking into consideration that Ru-FCC nanoparticles affixed

on LDO lose part of their surface area due to support blockage
(i.e., 53%), the catalytic activity of LDO-Ru-FCC is on par with
suspended Pd−Rh nanoparticles on the per-unit-surface-area
basis.
In comparison to LDO-Ru-FCC, the size of Ru-HCP

nanoparticles formed by directly reducing dissolved Ru3+ is
insensitive to the RuCl3 concentration, giving a relatively
constant diameter of 2.1(±0.4) nm for weight percentages
between 1 and 10%. These samples also show an invariant
activation energy of Ea = 50.2(±3.5) kJ mol−1. As a result,
tuning TOF by adjusting nanoparticle size and activation
energy is not possible using Ru-HCP produced by this method.
The use of LDO nanodisks as support for Ru-FCC permits

further functionalization of the integrated catalyst without
compromising its catalytic activity. We have functionalized
LDO with Co nanoparticles before the loading of Ru3+, thereby
forming both Co and Ru nanoparticles on LDO (Co-LDO-Ru)
after reduction. As shown in Figure 7a, Co and Ru

nanoparticles are separated from one another on LDO. The
addition of Co renders magnetism to the catalyst, as shown in
Figure 7b, offering the ability to rapidly separate Ru from the
exhausted fuel solution. Fresh Co-LDO-Ru shows virtually
identical TOF as LDO-Ru containing the same amount of Ru,
as illustrated in Figure 7c. Using Co-LDO-Ru, the reuse of Ru-
FCC is evaluated. As shown in Figure 7d, TOF reduces by
25.7(±0.3)% after five cycles of reaction, comparable to or
better than the performances of most supported Ru nano-
particles. For example (Table S3 in the Supporting
Information), the five-cycle TOF reduction is 22% for Ru−Ni
core−shell particles supported on graphene,65 36% for Ru
supported on graphene,23 49% for Ru−Co core−shell particles
supported on graphene,66 58% for Ru supported on carbon
black,20 and 73% for Ru supported on carbon nanotubes.16 A
potential cause of TOF deterioration is the aggregation of Ru

Figure 6. Selection of layered double oxide (LDO) supported Ru-
FCC nanoparticles for performing ammonia borane hydrolysis above
and below the isokinetic temperature (Ti) according to the particle
diameter d (with circle-capped error bars) and the corresponding
activation energy Ea (with line-capped error bars). TOF denotes
turnover frequency. Error bars represent standard errors.

Figure 7. Performance of Ru-FCC supported by layered double oxide
(LDO) containing cobalt (Co): (a) coexistence of Ru and Co
nanoparticles on LDO; (b) magnetism provided by Co for rapid
separation; (c) comparable turnover frequencies (TOFs) of LDO-Ru
with and without Co (slope, 0.95(±0.01); R2 = 0.997); (d) reduction
of TOF after repeated use in comparison to the TOF of a pristine
sample (TOF0). Dashed curves bracket 95% confidence bands. Error
bars represent standard errors. Scale bar: (a), 10 nm.
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nanoparticles during the reaction, which can be greatly
alleviated by embedding Ru nanoparticles into supports such
as hydroxyapatite (8% reduction in five cycles)27 and zeolite
(15% reduction in five cycles).67 We are in the process of
developing a synthesis technique that will permit the
embedment of Ru−FCC nanoparticles into LDO nanodisks
while still allowing the adjustment of nanoparticle size.

■ DISCUSSION
Using Ru-FCC nanoparticles supported on LDO, we have
shown that both the activation energy and the Arrhenius pre-
exponential factor of catalytic ammonia borane hydrolysis
increases with nanoparticle diameter for d = 2−3.8 nm
according to the compensation effect, giving an isokinetic
temperature of 17.5 °C. In this section, we discuss the
mechanisms of Ru-FCC formation on the LDO surface and the
origin of the compensation effect.
Formation of Ru-FCC on LDO Surface. Ru nanoparticles

supported by LDO nanodisks have an FCC structure (Figure
3a−c), different from the HCP Ru nanoparticles formed in
solution (Figure 3d−f). HCP is the stable phase for bulk
materials,55,68 indicating a reduction of volumetric Gibbs free
energy greater than that for FCC: −ΔGHCP > −ΔGFCC (ΔG <
0). According to the classical nucleation theory,69 Ru nuclei
must overcome the interfacial energy associated with surface
tension γ before they can grow into nanoparticles sponta-
neously. The transition between the unsuccessful nucleation
and the spontaneous growth happens for nuclei having a
diameter greater than a critical value:69

λ γ= −
ΔG

4
(7)

According to eq 7, the preferred formation of HCP
nanoparticles over FCC nanoparticles in solution can be
attributed to λHCP < λFCC under the assumption of γHCP ≈ γFCC.
This condition ensures that HCP nuclei outcompetes FCC
nuclei in solution to grow into nanoparticles.
The extended immersion of LDO into the RuCl3 solution

before reduction (Figure 2a) creates strong bonding between
Ru3+ and LDO, likely formed by the exchange of Ru3+ with Al3+

in LDO. According to the spinel structure of LDO,70 each Al3+

coordinates with six oxygen atoms at a bond length of 0.19
nm,71 comparable to the Ru−O bond length of 0.21 nm found
with six-coordinated Ru3+.72 The strong bonding between Ru3+

and LDO suggests that, when a nucleus is formed, the surface
tension (a result of weak or no affinity between the two phases
across an interface) is low, at least on the supported side of the
nucleus. The reduction of γFCC thus leads to a reduction of
λFCC, reversing the preference between FCC and HCP in
nanoparticle formation: λFCC < λHCP. This mechanism is
consistent with previous reports that Ru-FCC nanoparticles can
also be synthesized by using the tension-reducing stabilizer
PVP73 and the tension-reducing solvent ethanol.17 Similar
phase-selective synthesis via surface tension adjustment has
been performed successfully for iron,74,75 cobalt,56 and other
types of nanoparticles.76

An important consequence of selecting an energetically less
favored bulk phase by surface tension adjustment is that the
resulting particles are only stable in the nanometer range. In
our experiments, the diameter of Ru-FCC nanoparticles
increases with the increase of Ru mass percentage rapidly
from d = 2 to 3 nm, after which the increasing trend plateaus
near d = 3.8 nm (Figure 5a). This indicates that, at d = 3.8 nm,

γFCC is again dominated by the surface tension between the
nanoparticle and solvent while the tension-reducing effect of
LDO has diminished. Further growth of the nanoparticle would
require a phase transition from FCC to HCP, which is not
possible without an input of energy.73

Origin of the Compensation Effect. Whether an
observed linearity between ln A and Ea is evidence of the
compensation effect in heterogeneous catalysis has been
debated. On one hand, mathematical derivations show that
the linearity can arise from errors from measurements and
analyses.61,62 On the other hand, the presence and prevalence
of such errors in experiments remain to be demonstrated.63 In
this study, we have taken precautions in measurements and
analyses to minimize the potential hazard of systematic errors
(cf. Figure 4a and Table S2 in the Supporting Information) as
recommended in the literature.77 The ln A−Ea linearity
observed in Ru-catalyzed ammonia borane hydrolysis is,
therefore, taken as evidence of the compensation effect
according to generally accepted standards.63

Ru-catalyzed ammonia borane hydrolysis likely follows a
mechanism similar to that of metal-catalyzed borohydride
(BH4

−) hydrolysis:11,78

+ ⇄ +NH BH 2Ru NH BH Ru RuH3 3 3 2 (8)

+ → +NH BH Ru H O NH BH OH RuH3 2 2 3 2 (9)

+ → +NH BH OH 2Ru NH BH(OH)Ru RuH3 2 3 (10)

+ → +NH BH(OH)Ru H O NH BH(OH) RuH3 2 3 2
(11)

+ → +NH BH(OH) 2Ru NH B(OH) Ru RuH3 2 3 2 (12)

+ → +NH B(OH) Ru H O NH B(OH) RuH3 2 2 3 3 (13)

+ → +RuH RuH 2Ru H2 (14)

and

→ + ++ −NH B(OH) NH BO H O3 3 4 2 2 (15)

The rate of the overall reaction is limited by the rate of reaction
9 involving the breaking of the O−H bond of water.79 By
applying the transition state theory to the rate-limiting reaction,
TOF of the overall reaction can be described by the Eyring
equation:80

= Δ + Δ − Δ ⧧⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

S S
R

H
RT

TOF TOFexp expi

T C

(16)

where ΔST is the reduction of thermal entropy, ΔSC is the
reduction of configuration entropy, and ΔH⧧ is the enthalpy of
activation for reaction 9. ΔH⧧ is related to Ea by the Temkin
equation:81

∑= Δ + Δ⧧E H n Ha i i (17)

where ΔHi is the adsorption enthalpies of reactant i and ni is its
reaction order. For zero-order reactions with ni = 0, we have

= Δ ⧧E Ha (18)

The ammonia borane hydrolysis is a zeroth-order reaction, as
shown by fitting Figure 4a to eq 5 as well as further validation
made by experiments conducted with different NH3BH3 initial
concentrations (Figure S3 in the Supporting Information);
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therefore, eq 18 applies to the hydrolysis reaction. By
comparing eqs 16 and 18 with eq 2, we obtain

= Δ + ΔA S
R

S
R

ln
TOFi

T C

(19)

Since ΔST quantifies the loss of translational freedom of water
upon adsorption, it remains relatively constant for different
catalysts.6,80 Hence, ln A and Ea are regulated by ΔSC and ΔH⧧,
respectively.
We can estimate ΔSC and ΔH⧧ by considering the

contributions of different types of atoms on the surfaces of
nanocrystalline catalysts. We separate the surface atoms into
two different groups:82−84 (1) corner and edge (c/e) and (2)
terrace (t) atoms. Because ΔSC quantifies the number of
configurations of empty sites,80 it has a greater value on two-
dimensional terraces than one-dimensional edges (including
corners): ΔStC > ΔSc/eC . In comparison to edge and corner
atoms that have more unsatisfied bonds, terrace atoms are
better coordinated, bind reactants more loosely, and thus result
in less stable intermediates with a higher enthalpy:85,86 ΔHt

⧧ >
ΔHc/e

⧧ . Using these parameters, we can rewrite eqs 18 and 19
using ΔSC = (1 − f)ΔStC + fΔSc/eC and ΔH⧧ = (1 − f)ΔHt

⧧ +
fΔHc/e

⧧ :

=
Δ + Δ

−
Δ − ΔA S S

R
S S

R
fln

TOFi

T
t
C

t
C

c/e
C

(20)

and

= Δ − Δ − Δ⧧ ⧧ ⧧E H H H f( )a t t c/e (21)

where f is the fraction of edge and corner atoms on the
nanoparticle surface. According to eqs 20 and 21, ln A and Ea
are positively correlated following the changes of ΔStC − ΔSc/eC

and ΔHt
⧧ − ΔHc/e

⧧ with f being the scaling factor for both ln A
and Ea.
Ru-FCC nanoparticles supported on LDO nanodisks have

truncated octahedral shapes (Figure 3a−c). As shown in Figure
8a, a truncated octahedron has 14 facets, including eight {111}
facets and six {100} facets with 24 edges and 12 corners. The
fraction of edge and corner atoms with respect to the total
number of surface atoms can be computed using the equation
(see Note S1 in the Supporting Information for derivation):

= −
− +

f
d

d d
0.89 0.40

0.52 0.0962 (22)

where d is expressed in nanometers. As d increases from 2 to
3.8 nm, f decreases from 46 to 24%. As shown in Figure 8b,c,
the decrease of f with d correlates with the decreases of ln A and
Ea, as depicted by eqs 20 and 21. According to these equations,
least-squares regressions give ΔST + ΔStC = 571(±45) J mol−1

K−1, ΔStC − ΔSc/eC = 1139(±131) J mol−1 K−1, ΔHt
⧧ =

165(±14) kJ mol−1, and ΔHt
⧧ − ΔHc/e

⧧ = 330(±40) kJ mol−1.
The positive value of ΔHt

⧧ − ΔHc/e
⧧ estimated from regression

indicates that H2O can interact with NH3BH2Ru more readily
when NH3BH2Ru is located at corners and edges, instead of
terraces, of a Ru nanoparticle. Density functional theory (DFT)
calculations suggest that molecules such as CHxO (x = 1−3)
and CHx (x = 1−4) favor c/e sites over t sites on Pt and Pd by
20−80 kJ mol−1.85,86 To account for a large difference of 330 kJ
mol−1, we propose that the orientation by which H2O
approaches NH3BH2Ru on the terrace should play an
important role in determining the enthalpy of the transition

state.87,88 The number of neighboring atoms is greatly reduced
at edge and corner sites, thereby leading to the reduction of
energy requirement for interaction.

■ CONCLUSIONS
Using Ru-FCC nanoparticles supported on LDO nanodisks, we
have shown that the turnover frequency of NH3BH3 hydrolysis
can be maximized for operations below and above the isokinetic
temperature by simply tuning the nanoparticle size, providing a
viable strategy to match catalyst design with operational
conditions. Hydrogen stored in ammonia borane can be
released by either catalytic solvolysis89,90 or thermal decom-
position91,92 reactions. Thermal decomposition is often
considered preferable because solid NH3BH3 instead of
saturated NH3BH3 solution is used to maximize the storage
capacity. The thermal decomposition of pure NH3BH3 requires
an operational temperature of approximately 150 °C to yield a
reasonable hydrogen generation rate.93,94 At high temperatures,
a significant amount of NH3BH3 can decompose to form
byproducts such as borazine, ammonia, and diborane, a process
that not only lowers conversion efficiency but also contam-

Figure 8. Dependences of the logarithm of the Arrhenius pre-
exponential factor (ln A) and the activation energy (Ea) on the fraction
( f) of edge and corner atoms of Ru-FCC nanoparticles: (a) truncated
octahedron model for a Ru-FCC nanoparticle, showing one {111}
facet (red), one {100} facet (purple), and their adjacent edges
(yellow) and corners (blue); (b, c) correlations of ln A and Ea with f.
The values given at each data point are mean diameters of the
nanoparticles. The solid lines are least-squares regressions. The dashed
lines bracket 95% confidence bands. Error bars represent standard
errors.
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inates the fuel stream.95 To lower the operational temperature
of thermal decomposition, NH3BH3 is mixed with catalysts at
high catalyst to fuel ratios, which reduce the weight-based
storage capacity to levels similar to that of an saturated
NH3BH3 aqueous solution.96 In comparison, the catalytic
hydrolysis of ammonia borane can be operated at ambient
temperatures without concerns of the aforementioned by-
products.

■ MATERIALS AND METHODS
Reagent-grade chemicals were purchased from Sigma-Aldrich
unless otherwise specified. Deionized (DI) water was produced
using a Millipore system on site.
Preparation of LDO Nanodisks. LDO was prepared using

a hydrothermal method.70 Briefly, synthesis was performed
using 100 mL of an aqueous solution of urea (CO(NH2)2; 100
mM), aluminum nitrate (Al(NO3)3; 50 mM), and magnesium
nitrate (Mg(NO3)2; 50 mM). A 100 mL portion of the solution
was placed in a sealed autoclave reactor, which was then heated
to 100 °C and maintained at this temperature for 12 h. The
solid product of the hydrothermal synthesis was collected by
centrifugation, washed with DI water, and freeze-dried
(Labconco Freezone 4.5). The dried powder was heated to
600 °C in a sealed quartz tube under argon protection. After
the temperature had been stable for 5 min, hydrogen was
injected into the tubing at 50 sccm for 5 min to produce LDO
nanodisks. To add cobalt nanoparticles on LDO, half of the
Mg(NO3)2 was replaced by cobalt nitrate (Co(NO3)2) in the
hydrothermal synthesis.
Fixation of Ruthenium Nanoparticles on LDO Nano-

disks. A stock solution of 1000 ppm Ru was prepared by
dissolving 53 mg of RuCl3 hydrate (35−40% Ru by weight,
ACROS Organics) into 20 mL of DI water. The synthesis of
LDO-Ru-FCC consists of two major steps, as illustrated in
Figure 2a. First, 20 mg LDO and an aliquot of RuCl3 stock
solution (0.6, 1.2, 1.8, 2.4, 3.0, or 4.8 mL) were mixed with DI
water to a total volume of 7.5 mL. The mixture was sonicated
for 10 min and mixed on a shaking table for 24 h. LDO
nanodisks adsorbed with Ru3+ were collected by centrifugation,
washed three times with DI water, and freeze-dried. Second, 4
mg of the LDO dry powder were redispersed in 10 mL of DI
water and sonicated for 10 min. Ru nanoparticles were then
formed when NH3BH3 was added to the solution to initiate the
hydrolysis reaction (see below). To synthesize Ru-HCP, 4 mg
of the LDO dry powder and 0.1 mL of the RuCl3 stock solution
were mixed with 10 mL of DI water with sonication for 2 min.
Ammonia borane was then added to reduce Ru3+ and also
initiate hydrolysis to generate hydrogen.
Material Characterization. LDO, Co-LDO, and Ru

nanoparticles supported by them were characterized using
atomic force microscopy (Park Systems XE-70) and trans-
mission electron microscopy (FEI Titan 80−300). The
ruthenium contents were determined after digesting the
samples before reduction with 70% nitric acid for 12 h at 80
°C. The concentration of Ru in the digestion solution was
measured using ion-coupled plasma optical emission spectros-
copy (PerkinElmer Optima 2000).
Evaluation of Catalytic Performance. Performances of

LDO-Ru-FCC and LDO-Ru-HCP were evaluated by measuring
the volume of accumulated H2 released from NH3BH3
hydrolysis using a water-filled gas buret.89 This analytical
method was validated by confirming that only a trace amount of
ammonia existed in the produced gas. Ammonia was captured

by passing the gas through 20 mL of an HCl solution (1 mM).
The amount of ammonia was determined colorimetrically from
the difference between the original proton concentration and
the remaining concentration, both of which were titrated with a
standard NaOH solution (2.5 mM) using phenolphthalein as
an indicator.23,34

To initiate the reaction at 25 °C, 10 mL of DI water
containing well-dispersed catalyst precursors was transferred
into a 25 mL flask containing a Teflon-coated stir bar. The flask
was placed in a water-bath stirrer set at a stirring rate of 1000
rpm. After the solution in the flask reached the preset
temperature, 31.8 mg of ammonia borane was added into the
flask. Immediately, the water-filled gas buret was connected to
the flask. The volume of accumulated H2 in the buret was read
periodically as gas replaced water. For reactions performed at
temperatures other than 25 °C (between 7 and 50 °C), 0.1 mg
of LDO-Ru-FCC was formed at 25 °C by adding 10 mL of a
0.01 M NH3BH3 solution before the temperature was adjusted
to the experimental value. The purpose of this protocol was to
prevent the potential influence of temperature on nanoparticle
size.97

The reuse of Ru-FCC was tested using Co-LDO as support
at 25 °C. After the first run was complete, the catalyst was
separated from the solution using a block magnet (K&J
Magnetics BX0X0C). After the solution was decanted, 10 mL
of a 0.1 M NH3BH3 solution was placed in the flask to start
another run of the experiment.
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