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Chemical bath deposition (CBD) offers a simple and inexpensive route to deposit semiconduc-
tor nanostructures, but lack of fundamental understanding and control of the underlying
chemistry has limited its versatility. Here we report the first use of in situ X-ray absorption
spectroscopy during CBD, enabling detailed investigation of both reaction mechanisms and
kinetics of ZnO nanowire growth from zinc nitrate and hexamethylenetetramine (HMTA)
precursors. Time-resolved X-ray absorption near-edge structure (XANES) spectra were used to
quantify Zn(II) speciation in both solution and solid phases. ZnO crystallizes directly from
[Zn(H2O)6]

2þ without long-lived intermediates. Using ZnO nanowire deposition as an example,
this study establishes in situ XANES spectroscopy as an excellent quantitative tool to understand
CBD of nanomaterials.

Introduction

Chemical bath deposition (CBD) is widely used in the
laboratory to deposit semiconductor nanostructures and
thin films and also in industry for deposition of CdS
buffer layers for thin film photovoltaics.1 During CBD,
material is deposited onto a substrate from a supersatu-
rated solution of dilute aqueous precursors such as metal
salts, complexing agents, and pH buffers. CBD has
several advantages compared to vapor phase growth
methods, including low cost, operation at low tempera-
ture and atmospheric pressure, and scalability to large
area substrates. However, a lack of fundamental under-
standing of the underlying CBD chemistry has led to
criticism for being a recipe-based approach. Transition-
ing CBD from a recipe-based approach to one with
predictive control over the deposition products will en-
hance our ability to tailor the morphology and properties
of depositedmaterials andwill also enable novel synthesis
routes for new materials. Such a transition requires a
molecular-level understanding of the deposition chemis-
try that can only be obtained through in situ spectroscopy.
Here we report the first use of in situ X-ray absorption

near-edge structure (XANES) spectroscopy to probe the
deposition of nanostructures byCBD, andwe show that it
enables investigation of growth mechanisms and kinetics
with unprecedented detail. Specifically, in situ XANES

spectroscopywasused toprobethecoordinationenvironment
of Zn(II) in real time during the CBD of ZnO nanowires
from zinc nitrate and hexamethylenetetramine (HMTA)

precursors. XANES spectroscopy is an element-specific

probe that is highly sensitive to the local structure around

the absorbing atom due to single and multiple scattering

of the ejected photoelectron.2,3 The high degree of struc-

tural sensitivity provided by XANES allows the coordi-

nation environment of metal ions to be determined

quantitatively upon comparison to spectra of known

standards. XANES spectroscopy does not require the

sample to exhibit long-range order and can therefore be

used to characterize liquid, amorphous, and crystalline

materials.2,4 Furthermore, XANES is sensitive to very

low concentrations of absorber atoms due to the high

photon flux of synchrotron radiation, enabling in situ

investigation of processes including ion exchange and

electrodeposition of nanomaterials.5,6 Metal ion concen-

trations as low as 1 ppm (∼0.01 mM for Zn(II) ions) are

readily detectable at the beamline used for this work. The

combination of high sensitivity to the coordination en-

vironment of the absorber atom and ability to probe
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dilute metal ions in solution make XANES spectroscopy

an ideal tool to study CBD of inorganic nanomaterials.
The objective of this work was to determine the time-

dependent chemical speciation of Zn(II) during CBD of
ZnO nanowires fromHMTA and zinc nitrate precursors.
Quantifying the speciation of metal ions in aqueous
solutions is essential because their speciation strongly
affects their reactivity.7 The growth of ZnO nanowires
from HMTA and zinc salt precursors was first observed
almost 20 years ago.8 However, even after numerous
studies, the role of HMTA in the reaction and the
mechanism of ZnO crystallization remain unclear.9-16

We have used in situXANES spectroscopy to identify the
growth mechanism as direct crystallization and to mea-
sure kinetics by quantifying the chemical speciation of
Zn(II) during ZnO nanowire growth.
The knowledge of the ZnO nanowire growth chemistry

gained from XANES will enable researchers to tailor the
morphology and properties of ZnO nanostructures for a
wide range of applications. ZnO is a wide band gap semi-
conductor (Eg=3.37 eV) with a large exciton binding energy
(60 meV) that has diverse applications in UV lasers,17,18

sensors,19 transparent conducting oxides,20,21 and nanos-
tructured photovoltaics.22-27 Recently ZnO nanowire ar-
rays deposited by CBD from zinc nitrate and HMTA
precursors have been used for dye sensitized solar cells24,25,28

and light emitting diodes.29

CBD of ZnO nanowires is typically performed at 90 �C
with equimolar zinc nitrate andHMTA concentrations in
the 10-25 mM range, which produces a pH of ∼5.8.

Speciation diagrams30-32 suggest that [Zn(H2O)6]
2þ is the

predominant Zn(II) species at these conditions. However,
reliable stability constants for Zn(II)-HMTA complexes
do not exist, and extrapolation of other stability con-
stants from room temperature to 90 �C can introduce
considerable uncertainty.33 Therefore, in situ spectros-
copy to measure the chemical speciation of the metal ion
under real reaction conditions is essential to understand-
ing the solution chemistry.
HMTA is a nonionic, heterocyclic organic compound

with the formula (CH2)6N4. The set of overall reactions
most often referenced in the literature34 for ZnOnanowire
deposition from zinc nitrate and HMTA precursors is

ðCH2Þ6N4 þ 6H2O f 6HCHOþ 4NH3 ð1Þ

NH3 þH2O T NH4
þ þOH- ð2Þ

2OH- þZn2þ T ZnOþH2O ð3Þ
HMTA decomposes upon heating to form formaldehyde
and ammonia (eq 1). Ammonia reacts with water to
produce OH- (eq 2), which drives the crystallization of
ZnO (eq 3). The crystallization of ZnO could be direct, as
illustrated in reaction 3 or could involve an intermediate
zinc hydroxide phase.16

There have been several, often conflicting, studies over
the past decade that investigated the growth of ZnO
nanowires from HMTA and various zinc salts. Ashfold
found that the HMTA decomposition rate was indepen-
dent of the ZnO growth rate and concluded that the role
of HMTA was only to buffer the pH in solution.16

Govender concluded that HMTA was not essential to
the growth of ZnO nanowires but that it provided a
continuous and convenient source of hydroxide.9 In
contrast, Vayssieres proposed that ZnO growth occurred
due to the formation and subsequent thermal decomposi-
tion of an intermediate Zn(II)-amine complex.13

Several studies characterizing hydrates ofZn(II)-HMTA
salts with infrared spectroscopy have reported the formation
of a Zn(II)-HMTA complex.35-37 However, conclusions
regarding hydrated Zn(II)-HMTA salts are not relevant to
an aqueous solution of Zn(II) and HMTA since solvent
effects are not present. Tasker and Wood showed that
HMTAacts as a strong structure-maker in water, so solvent
effects must be considered when evaluating interactions
between Zn(II) andHMTA.38 Thus, understanding the role
of HMTA and the speciation of Zn(II) in ZnO growth
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chemistry requires in situ characterization techniques that
are sensitive to the Zn(II) coordination environment. None
of the studies mentioned above characterized the ZnO
growth reaction in situ, with the exception of Ashfold’s pH
measurements, nor did they use experimental techniques
that were highly sensitive to the coordination environment
of Zn(II).
Herein we present an analysis of the in situ XANES

spectra collected from the CBD of ZnO nanowires that
shows that only two Zn(II) species are present under
normal growth conditions: [Zn(H2O)6]

2þ andZnO. These
results conclusively refute previous theories that ZnO
grows via the thermal decomposition of intermediate
Zn(II)-HMTA or Zn(II)-ammine complexes or the
deprotonation of an intermediate zinc hydroxide. The
absence of zinc hydroxide intermediates above the detec-
tion limit of∼0.01mM supports the formation of ZnOby
a direct crystallization route. Dynamics of induction,
nucleation, and growth phases revealed by time-resolved
XANES and the dependence of dynamics on reaction
concentration and temperature are also discussed.

Experimental Section

In situXANES spectra at theZnK-edgewere collected during

the aqueous solution growth of ZnO nanowires over a 2 h

period. Principal component analysis (PCA) of the time-depen-

dent spectrawas used to determine the number of species present

during the reaction. The identities of the species were deter-

mined by target testing a library of standard XANES spectra

against the principal components. The library of standard

XANES spectra, described in more detail below, was collected

experimentally and consisted of Zn(II) species that have been

suggested to be involved in the aqueous solution growth of ZnO

nanowires. Finally, the kinetics of the ZnO nanowire growth

reaction were calculated by least-squares fitting linear combina-

tions of the appropriate standard XANES spectra to the time-

dependent experimental XANES spectra.

Reactor for In Situ XANES Spectroscopy. The home-built

microreactor used for in situ XANES spectroscopy of ZnO

nanowire growth is shown schematically in Figure 1. The

reaction channel is a polyimide tube (RiverTech Medical)

measuring 0.91 mm i.d. � 100 mm long, with a wall thickness

of 0.05 mm and a total volume of 65 μL. The inside wall of the
polyimide tube was precoated with a sol-gel derived CdO seed

layer to enhance the nucleation density of the ZnO deposition.

CdO was used instead of ZnO to avoid any Zn X-ray fluores-

cence (and therefore contamination of the XANES) from the

seed layer. To deposit the CdO seed layer, the polyimide tube

was oriented vertically and filled by a syringe pump with an

ethanol solution containing 0.375M cadmiumacetate and 0.375

M monoethanolamine.39 The syringe was then withdrawn,

leaving a thin layer of the ethanol sol on the inside wall of the

tube. Nitrogen was blown through the tube at 5 psi for 1 min to

enhance gelation of the ethanol sol layer.40 The polyimide tube

was then annealed in a tube furnace at 400 �C for 20 min.39 The

resulting CdO seed films were polycrystalline with a thickness of

∼40 nm and a grain size of ∼5-10 nm.

Temperature was maintained to (0.1 �C in the reaction

channel by two heated aluminum plates that were pressed

against the outside wall of the polyimide tube. The edges of

the aluminum plates in contact with the outside wall of the

polyimide tube were tapered to a thickness of 0.25mm, allowing

the microreactor to operate at elevated temperatures without

interfering with incident (Io), fluorescent (If), or transmitted (It)

X-rays (Figure 1). Thermocouples were attached to the tapered

edge of the heated aluminum plates and provided feedback to

the temperature controller. The set point temperature was

reached approximately 12 min after the heaters were activated.

ZnO Nanowire Growth Conditions. ZnO nanowires were

deposited on the CdO seed layer at 60 and 90 �C from equimolar

aqueous solutions of zinc nitrate and hexamethylenetetramine

(HMTA) at concentrations of 4.17, 6.25, and 12.5 mM. At

90 �C, these conditions result in steady-state pH in the range

of 5.8-6.2. At high concentrations, ZnO can precipitate in solu-

tion in addition to depositing on the CdO seed layer. However,

the reaction mechanisms and dominant Zn(II) species identified

using XANES will not depend on the nature of the seed layer.

The precursor solutionwas injected into the reaction channel via

a syringe. Both ends of the channel were then sealed with

polyether ether ketone (PEEK) plugs (Upchurch) to prevent

evaporation. Upon completion of eachXANES experiment, the

polyimide tube was removed from the heating elements, flushed

with DI water, and blown dry with nitrogen. Ex situ character-

ization of the deposited material was performed by splitting the

polyimide tube longitudinally with a razor blade. These half-

tubes were then laid flat onto double sided carbon tape for

imaging using scanning electron microscopy (SEM).

Zn(II)XANESStandards.Toquantify the speciationofZn(II),

seven species suggested to be involved inZnO crystallization under

different reaction conditions were prepared and used for target

testing. These species were ZnO nanopowder (Sigma), ε-Zn(OH)2
(PDF no. 00-038-0385), δ-Zn(OH)2 (PDF no. 00-020-1436),

γ-Zn(OH)2 (PDF no. 00-020-1437), 12.5 mM [Zn(H2O)6]
2þ, 12.5

mM [Zn(NH3)4]
2þ, and 12.5 mM [Zn(OH)4]

2-. XANES spectra

from solid phase standards were recorded at 25 �C, and spectra

from aqueous standards were recorded at 60 and 90 �C. ε and δ
phases of Zn(OH)2 were synthesized using methods outlined by

Ping et al.41 and Shaporev et al.,42 respectively. Details of the

synthesis for all the Zn(OH)2 phases and X-ray diffraction of the

powders are provided in the Supporting Information. Zinc nitrate

Figure 1. Schematic of microreactor for in situ XANES studies. Heated
aluminum plates are pressed into contact with the sides of the polyimide
tube to control the reactor temperature. A beam of monochromatic
X-rays of intensity Io is incident upon the polyimide tube. The transmitted
beam has intensity It. X-ray fluorescence, If, is collected and analyzed.
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hexahydrate (Sigma) was used as the Zn(II) source for the

Zn(OH)2 phases as well as the Zn(II) aqueous complexes.

The selection of pH and ammonium concentration necessary

to isolate the [Zn(NH3)4]
2þ and [Zn(OH)4]

2- complexes was

guided by the use of Zn(II) speciation diagrams.30-32 The

[Zn(NH3)4]
2þ complex was synthesized using 12.5 mM Zn-

(NO3)2 and 0.375 M NH4NO3. The pH was adjusted with the

addition of 0.3 M NaOH to 8.9 and 8.2 at 60 and 90 �C,
respectively. The [Zn(OH)4]

2- complex was prepared using

12.5 mM Zn(NO3)2. The pH was adjusted by the addition of

0.45 M NaOH to 12 and 11.5 at 60 and 90 �C, respectively. The
pH of the 12.5 mM [Zn(H2O)6]

2þ solution was 5.1 and 4.7 at 60

and 90 �C, respectively. The pH of the solution was not adjusted

since the pKa for [Zn(H2O)6]
2þ at 25 �C is 8.96.43,44 All pH

measurements were acquired with an Orion 4-star pH meter

with aROSSUltra electrode. The pHmeterwas calibrated at the

measured solution temperaturewith fresh buffer solutions at pH

4, 7, and 10. All solution phase standards were injected into bare

polyimide tubes, except the [Zn(OH)4]
2- complex, where a

PTFE-lined polyimide tube (MicroLumen) was used to avoid

dissolution of the polyimide by the alkaline solution.

Beamline Conditions for XANES. Zn K-edge XANES experi-

ments were performed at the Insertion Device (ID) beamline of

the Materials Research Collaborative Access Team (MRCAT)

line at the Advanced Photon Source, Argonne National Lab-

oratory. The first harmonic of the undulator was used, and the

undulator was tapered to reduce the variation in the intensity of

the incident X-ray beam to about 30% over the energy region

scanned. Linearity tests of the microreactor setup with a 12.5

mM [Zn(H2O)6]
2þ solution showed less than 0.1% nonlinearity

for a 50% decrease in incident beam intensity. The incident

beam area was defined as 0.5 mm by 0.5 mm. A cryogenically

cooled Si (111) double crystal monochromator was used for

energy selection. A Rh-coated mirror positioned after the

monochromator was used at grazing incidence to minimize

higher harmonics produced by the undulator and passed by

the monochromator. The incident beam intensity was measured

using an ion chamber with a mixture of 80% He and 20% N2.

The X-ray fluorescence intensity (If) was measured using a

5-grid Lytle detector filled with Ar. For energy calibration, a

Zn foil reference spectrum was measured with each scan. The

monochromator was scanned in 0.5 eV steps with an integration

time of 0.075 s. The resulting scan length of 93 s is considerably

faster than the reaction dynamics we are measuring.

Radiation did not inducemeasurable changes in the ZnOover

the time scale of the experiment. A series of spectra of ZnO

nanowires were acquired after the reaction channel was flushed

with DI water and blown dry with N2. Scans showed less than

0.4% change in the whiteline over 2 h, with no trend in the

variations over time. Details of the radiation damage tests can

be found in the Supporting Information.

Note that the X-rays from the undulator are polarized in the

horizontal direction. With the particular sample geometry we

were using, we are largely probing structure perpendicular to the

nanowire growth direction. For the results presented in this

study, however, this should have a very small effect.

XANES Data Analysis. Standard XAFS data analysis proce-

dures were followed. Normalization and linear combination

fitting of standard spectra to the time-dependent experimental

spectra were performed using Athena.45 SixPACK46 was used

for PCA and target testing of the normalized spectra.

Ex Situ Characterization. Deposited ZnO was characterized

ex situ by scanning electron microscopy (SEM, Zeiss Supra

50VP) and transmission electron microscopy (TEM, JEOL

JEM2100). The crystalline phase of all solid XANES standards

was verified by X-ray diffraction (XRD, Rigaku SmartLab)

with Cu KR radiation. Each sample contained only the pure

specified phase with no detectable secondary phases.

Results and Discussion

Synthesis and Ex Situ Characterization of Deposited

ZnO. ZnO nanowires grown at 90 �C are well-faceted
with hexagonal cross sections and diameters of 300-500
nm. In general, nanowires grown from a CdO seed layer
are less densely packed and less vertically oriented than
those grown from a homoepitaxial (0002) ZnO seed
layer.10,12,14,47 CdO is insoluble in aqueous solutions
and does not interfere in the growth reactions.
The micrographs in Figure 2 show ZnO nanowires de-

posited at 90 �C from 12.5, 6.25, and 4.17 mM concentra-
tions after 2 h, as well as growth at 60 �C with 12.5 mM
concentration. Deposited material in Figure 2a-c has a
hexagonal structure indicative of wurtzite ZnO, which was
confirmed by transmission electron microscopy (TEM). At
60 �C, two distinct growth morphologies were present:
hemispherical honeycomb-like structures andpoorly faceted
nanowires. The majority of nanowires appear to grow from
the hemispherical honeycomb-like structures, rather than
directly from the CdO seed layer as they do at 90 �C. TEM
electron diffraction confirmed that the honeycomb-like
structures are crystalline ZnO. An electron diffraction pat-
tern of the honeycomb structure is provided in the Support-
ing Information.
ZnO can also precipitate through homogeneous nu-

cleation and growth in solution. However, diffusion

Figure 2. SEM images of ZnO after 2 h of growth on the CdO-seeded
polyimide tube at various reaction conditions: (a) 12.5 mM Zn(NO3)2/
HMTA at 90 �C, (b) 6.25 mM Zn(NO3)2/HMTA at 90 �C, (c) 4.17 mM
Zn(NO3)2/HMTAat 90 �C, and (d) 12.5mMZn(NO3)2/HMTAat 60 �C.
Electron diffraction confirms that each of the structures is wurtzite ZnO.
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lengths to the seeded reactor walls are very short due to
the submillimeter tube diameters. Therefore, most ZnO
growth occurs from the CdO seed film because of the
reduced energy barrier for heterogeneous nucleation
compared to homogeneous nucleation. Visual inspection
showed small amounts of precipitation, with less precipi-
tation at lower concentrations and temperatures. The
mechanisms of ZnO growth elaborated upon later will
not depend on the identity of the seed.
In Situ XANES Spectroscopy of Zn(II). In situ spectro-

scopic monitoring of chemical speciation during crystal-
lization from solution is a great challenge. In CBD, very
little characterization of the ions in solution, beyond pH,
is typically performed. This is primarily due to the dilute
nature of the solutions, whichmakes Raman and infrared
spectroscopy difficult,48 and the lack of long-range order
that is required by X-ray diffraction. X-ray and electron
diffraction can be used to characterize the deposited cry-
stalline material, but they give no information about the
coordination environment of the metal ion in the liquid
phase.
XANES spectroscopy is an ideal technique to study

crystallization from solution because it is an element-
specific probe that is highly sensitive to the local structure
around the absorbing atom. This high degree of sensitiv-
ity to the coordination environment of the absorber
atom is due to the perturbation of the wave function of
the ejected photoelectron by multiple scattering events
from the surrounding atoms.3 The structural sensitivity of
XANES spectroscopy allows the chemical speciation of
metal ions to be determined, assuming that the proper
standards can be obtained or synthesized. XANES
works equally well for noncrystalline and crystalline
materials and is sensitive to low concentrations of ab-
sorber atoms.49 Furthermore, short XANES scan times
enable time-resolved studies of dynamics on scales of
minutes to hours.50,51

Time-dependent Zn K-edge XANES spectra of ZnO
nanowire growth from equimolar 12.5 mM zinc nitrate/
HMTA precursors at 90 and 60 �C are shown in Figure 3.
Time begins when the heater is turned on. The reactor
reaches the set point temperature in ∼12 min. XANES
spectra acquired at 90 �C change rapidly during the initial
∼30 min due to the nucleation of ZnO, then change
gradually for the remaining reaction time during the
ZnO growth phase. The transition from disordered, non-
crystalline material to ordered, crystalline material is
marked by an increasingly sharp energy-dependent struc-
ture in the normalized absorption coefficient with in-
creasing reaction time. Time-dependent XANES spectra
of ZnO nanowire growth from 6.25 and 4.17 mM zinc
nitrate/HMTA at 90 �C (not shown) appeared very

similar to growth from the 12.5 mM zinc nitrate/HMTA
bath. Changes in the XANES spectra are smaller in
magnitude when the microreactor is operated at 60 �C
than at 90 �C, but they follow a qualitatively similar
pattern. The smaller changes in the XANES spectra
acquired at lower temperature over the same time period
are due to slower formation of ZnO. The rate-limiting
step in ZnO formation is the thermal decomposition of
HMTA to hydroxide ions, which has slower kinetics at
lower temperatures.52

Quantitative Analysis of XANES Data to Identify Prin-

cipal Zn(II) Species. Qualitative analysis of time-depen-
dent XANES spectra can provide insight into relative
reaction rates and the transition from disordered to
ordered material, but determining the number and iden-
tity of the species involved in the ZnO nanowire growth
requires quantitative analysis of the spectra. Principal
component analysis (PCA) was used to determine the
number of components present in an experimental data
set.53 PCA is widely used in the chemometrics field and
has been successfully applied to determine the number of

Figure 3. In situ, time-resolved Zn K-edge XANES spectra of ZnO
nanowire growth at (a) 90 �C and (b) 60 �C over a period of 2 h. Insets
show the indicator (IND) function, which has its minimum at two
components for both 90 and 60 �C growth temperatures.

(48) Bockris, J. O. M.; Reddy, A. K. N. Modern Electrochemistry:
Ionics; Plenum Press: New York, 1998.

(49) Ressler, T.; Wong, J.; Roos, J.; Smith, I. L. Environ. Sci. Technol.
2000, 34, 950.

(50) Smolentsev, G.; Guilera, G.; Tromp, M.; Pascarelli, S.; Soldatov,
A. V. J. Chem. Phys. 2009, 130.

(51) Brendt, J.; Samuelis, D.; Weirich, T. E.; Martin, M. Phys. Chem.
Chem. Phys. 2009, 11, 3127.

(52) Jolivet, J. P. Metal Oxide Chemistry and Synthesis: From Solution
to Solid State; John Wiley & Sons Ltd.: West Sussex, England, 2000.

(53) Malinowski, E. R. Factor Analysis in Chemistry; 3rd ed.; Wiley:
New York, 2002.
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chemical species in several previous time-resolved and
equilibrium XANES studies.49,54,55 A detailed explana-
tion of the single value decomposition (SVD) algorithm
used in the PCA for this work can be found in Ressler
et al.49 Once the SVD algorithm has been applied to a
data set, several statistical criteria such as the indicator
function (IND),56 the imbedded error function,56 and
F-tests54 can be used to determine the number of princi-
pal components in the data set. The IND function, which
reaches a minimum at the number of principal compo-
nents in the system, was used for this work due to its
robustness and previous success in XANES studies.46,54

The IND function is an empirical function developed by
Malinowski that relies on the secondary eigenvalues
from the PCA.56

Two principal components are required to minimize
the IND function for XANES spectra in this work, as
shown in the insets of Figure 3. The IND function
indicates that exactly two Zn(II) species are present in
ZnO nanowire growth from equimolar 12.5 mM zinc
nitrate/HMTA at both 90 and 60 �C. If intermediate
species existed, slower reaction kinetics at 60 �C could
increase their steady state concentration. However, the
lack of a third component at either temperature supports
the theory that ZnO crystallizes directly, without the
presence of long-lived intermediates.
Target testing identified the two principal components

indicated by PCA to be [Zn(H2O)6]
2þ and ZnO. Target

testing, also referred to as target transformation, is a
powerful technique which allows the chemical composi-
tion of an unknown species in a mixture to be determined
without any a priori knowledge of the species.54 On the
basis of the IND function, target transformations were
performed using the two components from the PCA data
set to identify the two Zn(II) species. Figures 4 and 5
show seven standard XANES spectra and the calculated
two-component target transforms for growth at 90 and
60 �C, respectively. The XANES standards chosen were
solid ZnO, ε-Zn(OH)2, δ-Zn(OH)2, and γ-Zn(OH)2 and
12.5 mM aqueous [Zn(H2O)6]

2þ, [Zn(NH3)4]
2þ, and

[Zn(OH)4]
2-. These seven standards are the dominant

species over a wide range of temperature and pH condi-
tions potentially useful for ZnO synthesis. For both
90 and 60 �C, the transforms provide excellent fits to
the [Zn(H2O)6]

2þ andZnO standards.However, the other
five standards clearly cannot be fit with linear combina-
tions of the two principal components, and we conclude
that they are not present in significant concentrations at
any point during the reaction. For completeness, target
transforms were also calculated with three principal
components (not shown). Again, the three-component
transforms calculated at both 90 and 60 �C provided
excellent fits to the [Zn(H2O)6]

2þ and ZnO standards
but not to the other standards.

The standard XANES spectra for the zinc hydroxide
phases and the Zn(II)-ammine complexes are distinctly
different than the XANES spectra for [Zn(H2O)6]

2þ and

Figure 4. XANES spectra ofZn(II) standards for seven species potentially
present in ZnO crystallization (blue dots) compared to target transforms
using the two principal components calculated from the time-dependent
XANES data set obtained at 90 �C (black line). Only target transforms to
the [Zn(H2O)6]

2þ andZnO standards provide suitable fits. Therefore, none
of the other standards are present in measurable quantities (>0.01 mM)
during the reaction.

(54) Beauchemin, S.;Hesterberg,D.; Beauchemin,M.Soil Sci. Soc.Am.
J. 2002, 66, 83.

(55) Ressler, T.; Timpe,O.;Neisius, T.; Find, J.;Mestl,G.;Dieterle,M.;
Schlogl, R. J. Catal. 2000, 191, 75.

(56) Malinowski, E. R. Anal. Chem. 1977, 49, 612.



6168 Chem. Mater., Vol. 22, No. 22, 2010 McPeak et al.

ZnO and cannot be fit by two- or even three-component
target transformations. Therefore, concentrations of zinc
hydroxide or Zn(II)-ammine must be below the sensitivity

level of thiswork (∼0.01mM).Theirpresence inmeasurable
quantities would skew the time-dependent XANES spectra
and change the positionof the INDminimum.Thepresence
of an intermediate Zn(II)-HMTAcomplex is also unlikely.
HMTAhas been reported to be a bidentate ligand, bridging
between two transitionmetal ions.57Water, hydroxide, and
ammine are all monodentate ligands with Zn(II).58 The
bidentate nature of the HMTA ligand would change the
coordination environment of Zn(II) and thus alter the
XANES spectra significantly. In summary, target testing
shows that ZnO growth from aqueous Zn(NO3)2 and
HMTAprecursors occurs via direct crystallization, without
the presence of zinc hydroxide, Zn(II)-ammine, orZn(II)-
HMTA intermediates.
Measuring Dynamics Using Time-Resolved XANES.

Dynamics of ZnO growth were studied by fitting linear
combinations of the [Zn(H2O)6]

2þ and ZnO standard
spectra to the time-dependent XANES spectra. Figure 6
shows the change in [Zn(H2O)6]

2þ and ZnO fractions as a
function of time for several equimolar Zn(NO3)2 and
HMTA concentrations and growth temperatures. Linear
combinations of the standard spectrawere not forced to sum
to one. Results from ZnO growth at 90 �C (Figure 6a-c)
all display a similar pattern. No ZnO grows during the
initial ∼8 min induction period that occurs during heat-
ing. Induction is followed by rapid ZnO nucleation and
growth for ∼10 min. ZnO growth then proceeds linearly
and eventually slows and terminates as the ZnO satura-
tion index approaches zero. This growth pattern has been
observed in previous studies of chemical bath deposi-
tion.1,12 However, the ability to resolve both chemical
speciation and kinetic information simultaneously is
unique to this work.
The fraction of [Zn(H2O)6]

2þ converted to ZnO during
the nucleation phase increases as the initial concentration
of Zn(NO3)2 decreases, as shown in Figure 6a-c. The
number of nucleation sites available on the CdO seed
layer is sufficiently high that at lower initial concentra-
tions most of the [Zn(H2O)6]

2þ species are converted to
ZnOduring the nucleation phase. However, at high initial
concentration, a significant amountof [Zn(H2O)6]

2þ remains
in solution after nucleation and an extended linear growth
regime can proceed.
During the nucleation phase, the growth rate of ZnO is

independent of the initial [Zn(H2O)6]
2þ and HMTA con-

centration. The inset of Figure 6a shows a plot of ZnO

concentration (fraction of ZnO multiplied by the initial

concentration of [Zn(H2O)6]
2þ) versus time for 90 �C

growth at 4.17, 6.25, and 12.5 mM concentrations. The

three ZnO growth curves overlay at early times for all initial

[Zn(H2O)6]
2þ/HMTAconcentrations, illustrating thatZnO

growth rate during the nucleation phase is independent of

concentration. Instead, the number of available CdO sur-

face sites limits the growth rateofZnOduring thenucleation

phase. After the nucleation period, ZnO growth proceeds

Figure 5. XANES spectra of Zn(II) standards for same seven species as
Figure 4 (blue dots) compared to target transformsusing the twoprincipal
components calculated from the time-dependent XANES data set ob-
tained at 60 �C (black line). Only target transforms to the [Zn(H2O)6]

2þ

and ZnO standards provide suitable fits. Therefore, none of the other
standards are present in measurable quantities (>0.01 mM) during the
reaction even at low temperatures that may increase the lifetime of
intermediates.

(57) Ahuja, I. S.; Yadava, C. L.; Singh, R. J. Mol. Struct. 1982, 81, 229.
(58) Cotton, F. A.; Wilkinson, G.; Murillo, C. A. Advanced Inorganic

Chemistry; Wiley: New York, 1999.
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linearly with faster linear growth rates in cases which had

larger initial, and hence larger remaining, [Zn(H2O)6]
2þ/

HMTA concentrations.
Figure 6d shows linear combination fits of ZnO

growth from an equimolar 12.5 mM Zn(NO3)2/HMTA
solution at 60 �C. The overall reaction kinetics at 60 �C
are slower by approximately a factor of 4 than kinetics at
90 �C (Figure 6c). Furthermore, the nonlinear growth
regime, indicative of nucleation, is ∼15 min longer. The
slower kinetics at 60 �C are most likely due to a reduced
rate of thermal decomposition of HMTA to hydroxide
ions.12,52

The fraction of [Zn(H2O)6]
2þ and ZnO species for all

concentrations and growth temperatures sums to one
(Figure 6, triangles), within the experimental error. The
increased discrepancy for the summations at times less
than 12min arises because the reactor had not yet reached
the set-point temperature. The XANES spectra of
[Zn(H2O)6]

2þ has a small temperature dependence be-
cause the intensity of the white line is suppressed at higher
temperatures due to fewer excited states being available to
the photoelectron. Therefore, the [Zn(H2O)6]

2þ standard
acquired at 60 or 90 �C does not fit quite as well to the
experimental spectra acquired at lower temperatures. The
summation of the fractions of [Zn(H2O)6]

2þ and ZnO to
one, without constraining the fitting procedure, further
verifies that ZnO growth occurs by direct crystallization
without long-lasting intermediates.

Conclusions

Wehave demonstrated the first in situX-ray absorption
study of the chemical bath deposition (CBD) of nano-
structures. The sensitivity of XANES spectroscopy to the
coordination environment of the absorber element, its
low detection limit, and its ability to characterize liquid,
amorphous, and crystalline materials make it an excel-
lent tool for in situ characterization of metal ion specia-
tion during CBD. Furthermore, the use of principal
component analysis, target testing, and linear combina-
tion fitting of standard spectra can be used to elucidate
reaction pathways and kinetics. Improved fundamental
understanding of CBD reactions will aid in tailoring the
reaction conditions for current chemistries to improve
the properties of the deposited materials and could also
enable novel synthesis routes for new materials.
We have applied in situ XANES spectroscopy to zinc

nitrate/HMTA chemistry to show that ZnO crystallizes
directly from [Zn(H2O)6]

2þ without any long-lived inter-
mediates. HMTA does not act as a metal-ion buffer in
the CBD of ZnO nanowires. Instead, the thermal decom-
position of HMTA provides a controlled source of
hydroxide ions for the crystallization of ZnO. The slow
release of hydroxide ions minimizes the nonequilibrium
saturation index of ZnO in solution. Controlling pH in
this manner promotes heterogeneous growth over
homogeneous nucleation by avoiding a high ZnO satura-
tion index. Understanding the role of HMTA and the
dependence of reaction kinetics on concentration and

Figure 6. Linear combination fits of [Zn(H2O)6]
2þ (open squares) and

ZnO (open circles) standard XANES spectra to the time-resolved experi-
mental data sets. Dynamics are shown for the following equimolar
concentrations of Zn(NO3)2 and HMTA and growth temperatures: (a)
4.17 mM and 90 �C, (b) 6.25 mM and 90 �C, (c) 12.5 mM and
90 �C, and (d) 12.5 mM and 60 �C. “Weight” refers to the fraction of
each standard spectrum used to fit the XANES data and does not
translate directly to physical weight fraction. Summation of weights of
12.5mM[Zn(H2O)6]

2þ andZnO standard spectra are plotted as triangles.
Weights were not forced to sum to one. Inset shows concentration of ZnO
(ZnO weight multiplied by initial concentration of [Zn(H2O)6]

2þ) versus
time at 4.17, 6.25, and 12.5 mM [Zn(H2O)6]

2þ concentrations at 90 �C
growth. ZnO growth rate is independent of concentration during the
nucleation phase.
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temperature will enable optimization of reaction condi-
tions to synthesize ZnO nanowire arrays for applications
such as photovoltaics, optoelectronics, and sensors.
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