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The substrate-free hydrolysis of Zn nanocrystals was investigated as the second step in
a ZnO/Zn solar water-splitting thermochemical cycle. In this work, we combined two
different ion-mobility schemes in series to study the hydrolysis kinetics of size-selected
zinc nanocrystals (NCs). The first mobility characterization size selects particles with
a differential mobility analyzer (DMA). The second mobility characterization employs an
aerosol particle mass analyzer (APM) and measures changes in mass resulting from
a controlled hydrolysis of the Zn NCs. A low temperature reaction mechanism is proposed
to explain the mass change behavior of Zn NCs hydrolysis at 100-250 °C. An Arrhenius law
was used to extract the reaction kinetic parameters. The hydrolysis activation energy and
the order of the reaction with respect to water mole fraction were found to be 24 + 2 kJ/mol
and 0.9 + 0.1, respectively. Complete conversion of 70 nm Zn NCs was achieved at 175 °C
with a residence time of about 10 s and water vapor mole fraction of 19%.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

Ion-mobility

1. Introduction

Water-splitting thermochemical cycles have been demon-
strated to bypass the H,/O, separation problem which impedes
single-step thermal dissociation of water, and further allows
operation at relatively moderate upper temperatures [1].
Abraham [2] investigated the potential for water-splitting
cycles based on general thermodynamic principles and
concluded that the minimum number of reaction steps oper-
ating between 1000 K and 298 K is three. Previous studies were
mostly focused on multistep thermochemical cycles using
nuclear heat and were forced to operate under the temperature
limit of about 1200 K [3]. However, these multiple steps (more
than two) suffer from inherent inefficiencies associated with
heat transfer and product separation at each step [1]. Two-step
water-splitting cycles based on metal oxide redox pairs are
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thermodynamically more efficient and can been achieved
using concentrated solar energy. These type of cycles were first
proposed by Nakamura [4] based on Fe;04/FeO redox pair. In
the first step of the cycle, solar energy is used to dissociate the
metal oxide to metal or lower valence metal oxide. In the
second step, metal is oxidized by water at moderate tempera-
tures to form hydrogen and the corresponding metal oxide.
Among the feasible two-step water-splitting thermochem-
ical cycles, the ZnO/Zn redox pair has attracted particular
interest for its potential of achieving high energy conversion
efficiency [5]. The theoretical upper limit is 44% with complete
heat recovery. Several studies have been conducted on
different aspects of the thermal dissociation of ZnO, and
experimental solar furnace/reactors have been built for
exploratory tests [6-13]. Our special interest in this paper
focuses on the 2nd step of the ZnO/Zn cycle, the Zn hydrolysis
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reaction. The reaction is thermodynamically favorable below
about 1400 K but with kinetic constraints [14]. The Zn hydro-
lysis reaction has been studied on various forms of Zn material
such as Zn discs [15], liquid zinc [7,16], Zn vapor [17,18], Zn
powder/nanoparticles [14,19-21] and on solar zinc [22,23].
Various analytic tools have been employed to probe the reac-
tion kinetics and characterize the reaction products. For
example, GC/MS has been used for hydrogen measurement,
thermogravimetric analysis for monitoring reactant weight
and X-ray, TEM and DMA for Zn/ZnO particle characterization.
The reaction rate has been studied on Zn discs by Bazan et al.
[15] at21-50 °C, on liquid Zn by Bermann and Epstein [16] in the
temperature range of 450-500 °C and on zinc powder by Funke
et al. [24]. Clarke and Fray investigated the Zn hydrolysis reac-
tion by analyzing the wall deposit in an aerosol reactor at
a temperature up to 900 °C. The detailed experimental condi-
tions and results from previous studies are summarized in
Table 1.

More recently, researchers at ETH proposed using Zn
nanoparticles for the hydrolysis reaction. Due to large surface
to volume ratio of nanoparticles, the application of those
materials should promote the reaction kinetics, heat and mass
transfer, and thus favor complete or nearly complete reaction.
Ernst [19] et al. at ETH using thermogravimetric analysis
measured the reaction rate of Zn particles at the temperature
region just below the Zn melting point. A core-shell model was
used to quantify the hydrolysis rate. However, conventional
systems such as TGA are known to be corrupted by heat and
mass transfer effects which greatly influences the accuracy of
kinetics obtained by these methods [25,26]. Furthermore, using
nanoparticles with a wide size distribution makes extraction of
accurate kinetics difficult. To deal with the two issues outlined
above we employ an on-line tandem ion-mobility method
which allows us to determine the intrinsic hydrolysis kinetics
of in-situ generated unsupported Zn NCs by measuring the
mass change of a single particle of precisely known size.

In this study, we focused on the reaction kinetics of Zn NCs
hydrolysis at relatively low temperatures (100-250 °C). From
a practical point of view a lower reaction temperature is
desirable from efficiency and materials engineering stand-
point. Furthermore, low temperatures enable one to bypass the
material loss problem due to Zn evaporation. Our preliminary
experiments of Zn hydrolysis in the temperature range of 100~
250 °C have shown significant mass changes of Zn NCs. Some
previous studies also show that hydrogen can be harvested by
Zn hydrolysis at temperatures below 100 °C. For example, the
theoretical and experimental work of Alimenti [27] and Bazan’s
[15] experiment on Zn disk prove that the hydrolysis reaction of
bulk Zn can proceed at room temperature with the evolution of
molecular hydrogen. Furthermore, studies of Zn corrosionin an
outdoor atmosphere [28] primarily by moisture have indicated
a measurable reaction rate of hydrolysis. According to Matts-
son [29], the Zn corrosion rate under atmospheric exposure can
be as high as 16 pm/year, which is about 2 nm/h [28].

2. Experiment setup

The experimental system consists of three components.
Preparation of monodisperse Zn NCs, exposure of size-

selected Zn NCs into a controlled temperature region, and
finally, measurement of the mass change resulting from
hydrolysis. A complete schematic of the experimental system
with temperature and flow rate control is shown in Fig. 1. Our
experiment consists of two different ion-mobility schemes in
series. The first mobility characterization is to size select NCs
with a differential mobility analyzer (DMA) [30]. The second
mobility characterization employs an aerosol particle mass
analyzer (APM) and measures changes in mass resulting from
a controlled hydrolysis of the Zn NCs.

Water vapor is generated by bubbling Ar gas at a flow rate
of 0.5 LPM (liter per minute) through heated distilled water. In
order to prevent any condensation of water vapor in the gas
lines, the whole water injection system is wrapped with
heating tapes and heated to ~70 °C. Two diffusion dryers are
placed between the hydrolysis furnace and the APM sampling
port to prevent water condensation in the instruments.

Since we are employing ion-mobility methods, particles
are first charged to a Boltzmann charge distribution by
exposing the nanoparticle aerosol to a Po-210 source, before
the DMA. The average charge state of sample particles under
Boltzmann distribution is quasi-neutral, with most of parti-
cles uncharged and equal amount of particles carry +/-1
charge and +/-2 charges, etc. For example, in case of 50 nm
particles, 60.2% particles will be neutral, 19.3% carry +/-1
charge, 0.6% carry +/—2 charges, and higher charge state
would be even less. Considering the small percentage in the
multiple charged states, we ignore multiple charged particles.
Both the DMA and APM are configured to classify positively
charge particles for these experiments.

2.1. In-situ generation of monodisperse Zn NCs

The Zn NCs are generated using an evaporation/condensation
method in argon. Granular Zn (purity, >99.99% from Sigma-
Aldrich) contained in a small ceramic boat was placed in
a tube furnace at 550 °C to generate a flow of Zn vapor. The Zn
vapor condenses as it exits the tube furnace and by empirical
adjustment of the tube furnace temperature, and the argon
carrier gas flow rate we were able to form unagglomerated Zn
NCs. Since our objective is to study size-resolved reactivity we
use a DMA as a band pass filter to generate monodisperse NCs.
The DMA selects size based on the electric mobility which is
related to the drag force and charge on a particle.

2.2. The DMA-APM system

The DMA, used in this experiment for generating monodisperse
NCs, consists of an annular region between two concentric
cylinders, with the center cylinder held at high voltage and the
outer one at ground. Charged particles of the right polarity feel
an attractive force toward the center electrode and move
radically inward at an electrophoretic velocity determined by
the particle charge, and drag force which is a function of
particle size. When charged particles flow between the cylin-
ders the electric force on the particle is balanced by the drag
force, and at a fixed voltage all particle exiting the instrument
have (to the resolution of the instrument) equivalent mobility
sizes. In the size range of consideration here, the DMA func-
tions as a source of mono-area NCs.



Table 1 - Summary of recent studies on the Zn hydrolysis reaction.

Zn material Temperature Experimental tools Reaction kinetics Hydrogen conversion Reference
solar Zn nanoparticle with 748-803 K catharometric analyzer activation energy of 87 + 7 kJ/mol, and maximum H, yield ~55% [23]
void fraction of 91 + 1% environmental SEM reaction order of 3.5+0.5
sub-micron Zn particles, 330-360°C thermogravimetric balance, an initially linear conversion profile maximum ZnO content ~95%, at 350 °C [21]
dBET =164 + 10 nm TEM, XRD, GC followed by a parabolic conversion profile with reaction time ~180 min and water
independent of water mole fraction mole fraction of 0.4
Zn particles (average size 158 nm) 653-813K thermogravimetric analysis, activation energy of 132 4 27 kJ/mol maximum 24% at 813 K with residence [24]
TEM,SEM, EDS, combustion time of 0.6 s
oxygen analyzer
in-situ formation and hydrolysis 1023 K and 1073 K GC, X-ray, TEM, DMA Zn vapor deposition followed by 87-96% at residence time 1.71 [18]
of Zn aerosol heterogeneous reaction on the wall and 2.12 min
solar Zn powder 458-833 K hydrogen analyzer, X-ray, two stages observed, reactivity is higher for 24-81% for temperature range 458-833 K [22]
TEM solar Zn powder than for commercial Zn
in-situ formation and hydrolysis 573-1273 K thermogravimetic analysis, = H, formation is favored by heterogeneous up to 90% H, conversion at T > 900 K [19]
of Zn aerosol GC, TEM reaction, higher reaction temperature.
in-situ formation and hydrolysis 923, 1023 and 1073 K  GC, X-ray, TEM conversion reaches optimum at 1023 K, 37-72% at 923 and 1023 K and decrease [20]
of Zn aerosol ZnO passivating layer on larger particles to 37% at 1073 K
is the reaction barrier
in-situ formation and hydrolysis 1023 K and 1073 K GC, X-ray two reaction mechanisms, average of 60% and 45% at 1023 K [14]
of Zn nanoparticles (1) reaction of Zn(g) and stream at reactor and 1073 K
wall (2) reaction between Zn(l) or Zn(s)
and stream at particle Surface
liquid Zn 723-773K GC Diffusion through ZnO is the rate [16]
determining step. The order of reaction
is 0 <n < 1. Kinetic expression
is Wsp = kPu,0/(1 + bPy,0)
commercial Zn (mean size of 10 pm) 623-773 K thermogravimetric analysis  reaction proceeds faster for molten Zn and Zn  Zn content >50% for commercial. Zn [17]

and solar Zn (mean size of 9 pm)

containing impurities

content <10% for solar Zn
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Fig. 1 - Experimental system for Zn, generation, size-selection by DMA, hydrolysis and subsequent mass analysis with the

APM.

The APM can determine the particle mass distribution
based on particle mass to charge ratio, and is used in our
experiment to monitor changes to the particle mass resulting
from oxidation. The APM consists of two concentric cylin-
drical electrodes that rotate together at a controlled speed. An
electrical field is created by applying high voltage on the inner
electrode while the outer one is held at ground. Charged
particles flowing within the concentric cylinders experience
opposing centrifugal and electrostatic forces and as a result
particles exiting the instrument at fixed voltage and rotation
speed all have the same nominal mass. By scanning either the
voltage or the rotation speed, the particle mass distribution
(independent of particle shape) can be determined. APM mass
measurements are independent of particle morphology
because the centrifugal force is directly proportional to the
mass. The DMA-APM techniques employed here allows for
a direct measure of mass change of individual particles, and
thus enables us to explore the intrinsic reactivity of NCs while
minimizing the sampling error introduced by mass and heat
transfer inherent in bulk power samples. Our previous
experiments have used the DMA-APM technique to measure
the inherent density of nanoparticles, as well as to study the
mechanism of aluminum, nickel and zinc oxidation [30-32].

Based on operating conditions for the DMA and APM, we
estimate uncertainties as follows. For the DMA operating
conditions the uncertainty is based on the theoretical transfer
function which will give an uncertainly in the peak particle
size of +/— 4%. We then use Gaussian fit to determine the peak
size which would have a precision uncertainty of no more
than 1%. A similar result can be obtained for the APM however

the uncertainties are not due to the transfer function but
uncertainties in the step voltage which has a resolution of
only +/-0.5V, which gives an uncertainty in mass of ~4%.
Using the root-sum-square (RSS) method, we can estimate the
uncertainty of density calculation ~5%. This is consistent
with prior work using combined DMA/APM on reference
aerosols (NaCl and DOP) which gave an experimentally
determined uncertainly in density of 4% [33].

Furthermore, our DMA/APM mass measurements of NIST
SRM® 60 and 100 PSL spheres were within about 1.4% and
5.6%, respectively [34].

2.3.  Zinc nanocrystals characterization, sampling and
hydrolysis

In our experiment, Zn NCs of initial ion-mobility size of 70 nm
were selected to study the hydrolysis reaction. After size
classification, the Zn aerosol flow is mixed with Ar gas
(carrying water vapor) at the ratio of 1:1 and then passes
through a second tube furnace. This furnace enables the
controlled hydrolysis of the Zn NCs. The total flow rate of the
aerosol flow is 1 LPM at STP. The Zn particle concentration
after the DMA size-selection is about 3000 per cm® and the Zn
mass concentration in the hydrolysis furnace is about 4E-12 g/
cc, assuming the particles are 70 nm spherical particles and
the density of Zn is 7.14 g/cc. At these particle densities no
particle-particle interactions are expected to occur in the time
sale of the experiment and any exothermicity in the reaction is
both insufficient to either heat the particle or the ambient gas
temperature. To monitor the small mass change of the NCs
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due to hydrolysis, an aerosol particle mass analyzer (APM) is
placed downstream. Particles exiting the APM will be selected
on the basis of mass and are counted using a standard particle
counting method, condensation particle counter (CPC).

In the experiment, the temperature in the hydrolysis
furnace was set between 100 and 250 °C in increments of
25 °C. The particle mass distribution was then measured for
each furnace temperature after the system reached steady
state. The room temperature particle mass distribution was
also taken, and set as the base of the mass measurement.
Samples for electron-microscopic analysis were collected
exiting the evaporation furnace by electrostatically precipi-
tating the aerosol onto a TEM grid.

3. Results and discussion
3.1.  Zn nanocrystal morphology

Fig. 2 shows the SEM image of two single Zn NCs that were
deposited from the gas phase by electrostatic precipitation
onto a TEM grid before size-selection. The NCs show the shape
of near perfect hexagonal-prisms. Energy dispersive X-ray
(EDS) spectra obtained from the NCs in SEM confirmed that
the composition is Zn. Selected Area Electron Diffraction
analysis indicated that the Zn NCs have top surfaces of {0001}
crystal planes and have side surfaces of {1100}planes.

3.2, Zn nanocrystal mass measurement

Fig. 3 shows the normalized particle mass distributions for
70 nm mobility size Zn NCs reacting with water vapor at
different temperatures. Fig. 3(a) and (b) are corresponding to
a water vapor fraction of 3% while Fig. 3(c) and (d) are for the
water vapor fraction of 15%. In each plot, the particle number
concentration is plotted against the particle mass. These
distributions are obtained from APM-CPC measurements. The
particle number concentration is obtained with a condensation
particle counter (CPC) while changing the APM voltage. Each
data point in Fig. 3 is a time average of ~1 min of CPC counts in

SR
300nm

Zn 5.0kV 2.6mm x150k SE(U

Fig. 2 - SEM image of the hexagonal-prism-shaped Zn NCs
(before size-selection).

order to minimize the effect of system instability. The peak
mass of Zn NCs at each hydrolysis temperature is obtained by
fitting the experimental data using a Gaussian distribution.
From Fig. 3(a) and (c), we can see that as we increase the
hydrolysis temperature, the particle mass distributions shift to
the larger mass side, which indicates that Zn NCs gain weight
by reacting with water. However, upon further increase in the
reaction temperature, the particle masses decrease as can be
seen from Fig. 3(b) and (d). Similar trends of mass change has
also been observed for 100 nm Zn NCs. Fig. 4 displays the plots
of Zn NC mass as a function of reaction temperature for 70 nm
Zn NCs based on the results of particle mass measurement.
Also shown in these plots is the residence time corresponding
to each hydrolysis temperature. The residence time is deter-
mined using the following equation:

L q
T:/o o (1)

where L is the length of the tube and u(x) is the flow velocity,
which can be calculated below as:

4 T(x)
u(x) = gumTO 2
where 4/3 uy, is the peak flow velocity of carrier gas calculated
from volumetric flow rate and the cross sectional area of the

flow tube under the assumption of laminar flow. T(x) is
temperature profile within the tube at each furnace set point.

3.3. Low temperature Zn hydrolysis reaction mechanism

Based on the mass change behavior of Zn NCs during hydro-
lysis as a function of temperature, we proposed the following
reaction mechanism:

At relatively low temperature (below 150 °C) Zn NCs can
react with water and generates solid zinc hydroxide and
releases hydrogen gas. The reaction proceeds as follows:

Zn + 2H,0 — Zn(OH), + H, 3)

Since zinc hydroxide (Zn(OH),) has a low decomposition
temperature (there is a range of reported Zn(OH), decompo-
sition temperature from 125 °C to 196 °C), higher temperatures
lead to zinc hydroxide decomposition via:

Zn(OH), — ZnO + H,0 @)

which competes with the hydrolysis reaction (3) and form
ZnO. Thus, the overall reaction at high temperatures becomes
Zn +H,0 — ZnO + H,. Since ZnO has a smaller molecular
weight than Zn(OH),, the total mass of NCs begin to decrease
as the temperature increases. The above reaction mechanism
is consistent with the reduction in mass as the temperature
was increased. Our proposed mechanism is also supported by
the following evidence:

First, both experimental and theoretical works [27,35]
studying ZnO thin film formation using chemical vapor
deposition have suggested that Zn(OH), can be easily formed
in the hydrolysis reaction, but the formation of ZnO is very
endothermic.
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Fig. 3 - Normalized particle mass distributions for 70 nm mobility size Zn NG at different hydrolysis temperatures. Plots (a)
and (b) are for the water vapor fraction of 3%. Plots (c) and (d) are for the water vapor fraction of 15%.

Second, zinc hydroxide is the principal constituents of the
Zn corrosion layers resulting from exposure to natural envi-
ronments [28|.

Third, based on the results of Alimenti’s theoretical
modeling [27], when two water molecules were adsorbed onto
Zn, the intermediary product was Zn(OH), + H, and the equi-
librium state was ZnO + H,0. In our aerosol experiment, water
is by far the excess reactant.

However, it is also possible that the reaction productis ZnO
with some chemisorbed water, ZnO x nOH as suggested by
Bazan [15].

To further determine the product composition, Energy
Dispersive X-ray (EDS) characterization was conducted on the
hydrolyzed NCs. Fig. 5 shows the results of the (EDS) analysis of
70nm Zn NCs after reaction with water vapor at 100 °C. The
sample was collected by electrostatically precipitating the
aerosol onto a TEM grid. The TEM image in Fig. 5 clearly shows
that the hydrolyzed Zn NC exhibits a core-shell structure. The

EDSresults indicate a higher concentration of elemental oxygen
on the NC shell (hydrogen cannot be detected by EDS). The
extremely low mass loading (of the order of femtogram) in an
aerosol experiment prevents the usage of conventional material
characterization method such as TGA and XRD which require
milligrams of materials. To further verify the proposed reaction
mechanism, a fixed-bed reactor configuration was employed
with commercial Zn powders (Sigma-Aldrich, >99%, more than
95% of the particles are not larger than 45 nm). The reactor was
a 3/8" ID, 25 cm long stainless tube filled with Zn powder and
externally heated 100 °C. A carrier nitrogen gas flow of 3 sccm
containing 15% mole fraction water vapor was passed through
the Zn bed. After reacting with water vapor for ~30 min, the
hydrolyzed Zn powder was harvested for TGA analysis.

Fig. 6 shows the TGA results of the hydrolyzed commercial
Zn powder. From the figure, we can clearly see two plateaus in
the sample mass curve. The first mass plateau was reached at
about 90 °C when all the absorbed water in the sample was
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evaporated. As the TGA temperature was increased a second

plateau is seen, which we believe is consistent with weight

loss due to the decomposition of Zn(OH),. The decomposition

onset temperature is estimated from the TGA results to be

~120°C. Further mass loss at higher temperatures is

100nm :

associated with evaporation of the unreacted Zn (Ma X. et al.
unpublished). Based on the mass difference between the two
mass plateaus, we estimate the original percentage of
conversion from Zn to Zn(OH), in the sample to be ~36%. The
TGA experiment confirms that Zn(OH), is formed during the

Zing

Fig. 5 - EDS analysis of a 70 nm Zn nanocrystal hydrolysis at 100 °C.
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hydrolysis of nano-sized Zn particles at temperature around
100 °C. To determine the gas products from Zn hydrolysis
reaction in the fixed-bed reactor the reactor gas effluent was
also sampled into a mass spectrometer (Stanford Research
Systems, UGA 300). Hydrogen was observed during the
hydrolysis of commercial Zn powder at 100 °C.

Based on the proposed hydrolysis mechanism, complete Zn
to Zn(OH), conversion has been achieved on the in-situ
generated Zn NCs. Fig. 7 shows a particle mass distribution of
70 nm Zn NCs reacted with 19% mole fraction of water vapor at
residence times of ~10s. Based on the peak mass of Zn NCs,
we can confirm that the 70 nm Zn NCs were fully converted
into zinc hydroxide at the temperature of 175 °C. The inset in
Fig. 7 shows the percentage of conversion as a function of
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Fig. 7 - Particle mass distributions for 70 nm Zn
nanocrystals reacting with 19% mole fraction of water
vapor at different temperatures. (Inset) Percentage of
conversion as a function of temperature.

furnace temperature. Compared with the hydrolysis of
commercial Zn powder in the fixed-bed reactor, the hydrolysis
of unsupported Zn NCs enjoys a much higher conversion rate.
It is well known that bulk methods suffer from heat and mass
transfer effects, milligrams of an aggregated sample are
needed, while the sample mass of our aerosol based tech-
niques is ~1 fg and is being performed on an isolated NC.
Compared with the overall hydrolysis reaction
Zn + H,0 — ZnO + H,, the reaction (4) can proceed at lower
temperatures and release hydrogen, which makes Zn hydro-
lysis more energy efficient and can bypass the material loss
problem due to Zn evaporation at high temperatures.

3.4. Kinetics of the hydrolysis reaction

It is assumed that the reaction rate for Zn NC hydrolysis
reaction follows an Arrhenius law. In our experiment, the
reaction rate k are approximated by the average mass change
rate 2M(Am is the mass difference measured by DMA-APM and
tis the residence time) of the NCs. The activation energy of the
Zn hydrolysis can be extracted by plotting the reaction rate as
a function of reaction temperature in an Arrhenius form. Fig. 8
shows the Arrhenius plots for 70 nm Zn NCs hydrolysis at
different water mole fractions. The slopes of the straight lines
are roughly equal to each other which suggests that we are
measuring the same mechanistic process, and yield an overall
activation energy of 24 + 2 kJ/mol for the reaction (I). Previous
studies on sub-micron Zn powders and nanoparticles showed
strong discrepancies in the Zn hydrolysis activation energy,
ranging from 132 kJ/mol [24] to 43 kJ/mol [21]. The big differ-
ences in activation energy can be explained by methods of
preparation, initial oxide content and morphology of the
reacting particles [23]. Those studies measured the activation
energy based on the reaction Zn + H,0 — ZnO + H,. Unfortu-
nately, no comparable kinetic data have been reported for the
reaction Zn + 2H,0 — Zn(OH), + H, for which we can compare
our studies on free Zn NC'’s.

Since the reaction rate depends strongly on the water vapor
concentration, the experimental data are fitted to determine the
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Fig. 8 - Arrhenius plot of the reaction rate for 70 nm Zn NCs
hydrolysis at different water vapor concentrations.
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reaction order n with respect to the water vapor mole fraction y.
The least square fit of the reaction rates yields a dependence of
0.91 £ 0.1th order on the water vapor mole fraction and a pre-
exponential factor A equals to 0.012 fg/nm?s. Based on water
vapor flux and the mass change rate of the NC an effective
sticking coefficient of water molecules hitting Zn NCs was also
calculated. This value is estimated to be between 107 to 10 ®in
the temperature range investigated. A first order dependence
on water concentration and a low value of effective sticking
coefficient imply that the hydrolysis reaction is limited by the
diffusion of water molecule or water fragment through the
oxidelayer and this diffusion depends on the water solubility on
the NC surfaces. For comparison, Frank et al. [21] investigated
the hydrolysis rate of Zn particles by up to 50 mol% water vapor
at330-360 °C and found a reaction order of 0.5th on water vapor
mole faction. Bazan et al. [15] studied the interaction between
metallic zinc and water vapor and reported a 0.8th dependence
on relative humidity in the temperature range 20-50 °C.

To summarize, the overall kinetics of the hydrolysis reac-
tion for 70 nm Zn NCs can be written as:

Ea
k = Ay"exp <_ﬁ> (5)

where A=0.012fg/nm?s is the pre-exponential factor,
n=0.9+0.1 is the reaction order with respect to the water
vapor mole fraction and E,=24+2kJ/mol is the reaction
activation energy. A comparison between of the experiment
and the model of the reaction kinetics is shown in Fig. 9 in
which the measured reaction rate is plot against the calcu-
lated reaction rate using equation (5). A good agreement is
found over the entire experimental range.

4, Conclusions

In conclusion, we have successfully generated size-classified
Zn NCs and have demonstrated that the hydrolysis kinetics of

free Zn NCs can be studied by an in-flight tandem DMA-APM
method. Based on the mass change of Zn NCs, we proposed
a low temperature reaction mechanism for Zn NC hydrolysis.
Atlow temperatures (below 150 °C) Zn NCs canreact with water
and generates solid zinc hydroxide and releases hydrogen gas.
At higher temperatures, the zinc hydroxide decomposition
reaction Zn(OH), — ZnO + H,0 starts to competes with the
hydrolysis reaction and form ZnO. This mechanism is consis-
tent with the experiment observations and can produce
hydrogen at the temperature range of about 100-150°C.
Complete conversion of 70 nm Zn NC was achieved at 175°C
with the residence time of 10 s and water vapor mole fraction of
19%. An Arrhenius law was used to extract the reaction kinetic
parameters. The activation energy of the hydrolysis reaction
for 70nm Zn NCs is determined to be 24 + 2 kJ/mol and the
reaction order with respect to the water vapor mole fraction is
found to be 0.9+ 0.1.
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