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Hexamethylenetetramine (HMTA) is commonly used as a base releasing agent for the synthesis of ZnO
under mild aqueous conditions. HMTA hydrolysis leads to gradual formation of a base during the reaction.
Use of HMTA, however, does have limitations: HMTA hydrolysis yields both formaldehyde and ammonia, it
provides no direct control over the ammonia addition rate or the total amount of ammonia added during
the reaction, it results in a limited applicable pH range and it dictates the accessible reaction temperatures.
To overcome these restrictions, this work presents a direct base titration strategy for ZnO synthesis in
which a continuous base addition rate is maintained. Using this highly flexible strategy, wurtzite ZnO can
be synthesized at a pH >5.5 using either KOH or ammonia as a base source at various addition rates and
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reaction pH values. In situ pH measurements suggest a similar reaction mechanism to HMTA-based
synthesis, independent of the varied conditions. The type and concentration of the base used for titration
affect the reaction product, with ammonia showing evidence of capping behaviour. Optimizing this
strategy, we are able to influence and direct the crystal shape and significantly increase the product yield
to 74% compared to the ~13% obtained by the reference HMTA reaction.
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Introduction

For the aqueous formation of zinc oxide (ZnO) at a mild and
controlled pH, hexamethylenetetramine (HMTA) is typically
used as a base releasing agent.'™ Using this strategy, a variety
of ZnO morphologies can be synthesized® ranging from
hexagonal twin pillar structures®” and ZnO arrays®*° to more
complicated morphologies'*™® and nanocomposites.* At
elevated reaction temperature, HMTA hydrolysis results in the
gradual formation of ammonia (NH;) and formaldehyde
(CH,0, eqn (1)) in the reaction medium. The produced
ammonia is protonated by the present water, releasing
hydroxide in the process (eqn (2))."* The formed hydroxide is
subsequently consumed as a base during the formation of
ZnoO (eqn (3)).

K,
CeH1oN, + 6H,0 = 6CH,O + 4NH; (1)
K,
NH; + H,0 = NH;* + OH~ (2)
Zn** + 20H” — ZnO(s) + H,0 (3)
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HMTA hydrolysis is acid catalysed, resulting in a
concomitant increase in the HMTA decomposition rate k with
decreasing reaction pH (eqn (4)), with f* representing the
fraction of HMTA in protonated form.'® Combining this with
a hydroxide consuming reaction, like the formation of ZnO,
the system will move to an equilibrium pH where the
formation of hydroxide by HMTA hydrolysis and ammonia
protonation is balanced with the hydroxide consumption by
the reaction, effectively making HMTA a pH buffer."” Given
that for a crystallization process the reaction rate is
temperature dependent, the reaction pH and final HMTA
decomposition rate will also be influenced by the reaction
temperature. Although the decomposition of HMTA is further
catalysed by the presence of strong acids,'® Ashfold et al.®
showed that the rate of HMTA decomposition is not catalysed
or retarded by the formation of ZnO after a 2 h reaction time.

Besides HMTA being used as a base source and pH buffer,
additional influences of HMTA on the ZnO reaction have
been investigated.”” HMTA has been proposed to act as a
capping or structure directing agent on the non-polar side
facets of ZnO promoting growth along the c-axis®>** and
acting as a shell preventing the merging of nanorods.****
However, these additional HMTA influences are under
debate. Notably, in situ XANES measurements showed no
long-lived zinc-HMTA intermediates during the reaction,
whereas IR measurements showed no adsorption of HMTA
on Zn0.>>?° One generally overlooked aspect is the influence

This journal is © The Royal Society of Chemistry 2021
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of the HMTA hydrolysis products: ammonia, formaldehyde
and hydroxide. As hydrolysis of HMTA yields all these
products simultaneously, studies on product specific effects
become highly challenging.

To overcome the abovementioned limitations, a titration-
based strategy may be employed which allows for the
addition of any reactant at any rate, facilitating the study of
the influence of individual components. Furthermore,
titration is not limited to a narrow equilibrium pH window
during reaction (I) and by the reaction temperature (II), and
does not need reactant refreshing steps over long reaction
times (II1)*’° or a reaction condition dependent base
addition rate (IV), disadvantages inherent to the use of
HMTA. Titration-based strategies have been used previously
for the formation of biomimetic magnetite,***" silica®® and
to a limited extent ZnO,*® but not in the context of imitating
existing reaction conditions such as those in the HMTA-
based ZnO synthesis.

Therefore, this work aims to design an HMTA-inspired
base-titration strategy for the formation of ZnO in water
under mild pH conditions. By investigating the contribution
of HMTA decomposition products, we find that among its
hydrolysis products, mainly ammonia affects the ZnO
reaction product. It is further found that the decomposition
rate of HMTA is higher during the initial formation of ZnO
than that under native conditions. Finally, using the
flexibility of the titration strategy, we show that the ZnO
crystal shape and size is sensitive to the reaction conditions,
including the initial pH and the added base concentration.
We finally demonstrate a protocol for the formation of highly
faceted twin-pillared ZnO crystals with a high yield.

Results
Hydrolysis of HMTA and experimental design

Previous work on the formation of ZnO using HMTA showed
a constant pH of 5.8 during most of the reaction.** Hence, the
hydrolysis of 25 mM HMTA in water at a constant pH of 5.8
was taken as a model system.*® For experimental details, see
ESIt section 1. The HMTA hydrolysis rate was measured by
titrating 0.25 M acetic acid into the reaction vessel to
maintain a constant pH (Fig. S17), as discussed in detail in
the ESIt section 2. These measurements showed a constant
but pH dependent HMTA hydrolysis rate kops of 0.013 h™ (pH
6.0), 0.018 h™" (pH 5.8) and 0.023 h™ (pH 5.7), which matches
excellently with the results from Ashfold et al.* (Fig. 1a).

To mimic the base formation rate during HMTA hydrolysis
with a preprogrammed run in our titration setup, the
minimal titration rate and increment steps of 0.01 mL min™"
of the equipment should be considered. Taking this
limitation into account, two titration strategies were
designed, both presuming that ZnO formation does not
influence the hydrolysis of HMTA, as indicated by Ashfold
et al.” The first is based on the addition of ammonia (both
with and without the simultaneous addition of
formaldehyde) or KOH without taking the dissociation
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Fig. 1 Observed hydrolysis rates (a) of HMTA at pH 6.0, 5.8 and 5.7
(black) compared to results from Ashfold et al.'® (results from Ashfold
have been corrected with a factor of two to compenstate for the
difference  HMTA starting concentration, see ESIf section 2.2).
Measured formation of hydroxide ions (OH") by HMTA hydrolysis (b) at
pH 5.8 (green) and the calculated amount of formed hydroxide as a
function of time (b), with the corresponding titration protocol, by using
73.35 mM ammonia or KOH (red) or 3.1 mM KOH (black), see inset.

constant of ammonia K4 into account. Given the near linear
hydrolysis rate of HMTA, we calculated that 73.35 mM
ammonia or KOH has to be added at a constant rate of 0.02
mL min~" or 146.70 mM ammonia and 221.55 mM
formaldehyde, both at a constant rate of 0.01 mL min™"
(Fig. 1b, red). The second titration strategy is based on the
addition of KOH while taking the Ky of ammonia into
account.'>** For this, a progressively decreasing addition rate
was calculated for 3.1 mM KOH (Fig. 1b, black). Both
strategies showed an increase in hydroxide ions which closely
matched with the previously identified decomposition of
HMTA (25 mM) at a pH of 5.8 (Fig. 1b).

Influence of reaction components

Upon initiating an HMTA-ZnO reference reaction by heating,
in situ pH measurements show a gradual pH decrease from
6.8 to 5.8 (Fig. 2). After this initial pH drop, the pH remains
stable until 120 min reaction time. At this time, a second pH
drop of 0.1 is observed, which our previous work has shown
to indicate a rapid transition from a layered basic zinc
acetate (LBZA) rich phase to a predominantly wurtzite ZnO
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Fig. 2 HMTA- and titration-based synthesis of ZnO from zinc acetate

showing the pH evolution of the HMTA control experiment (a), the pH

evolution of the ammonia-based titration experiments (b), the pH

evolution of the potassium hydroxide-based titration experiments (c), and

the temperature T (d) and titration volume V (e) as a function of time.

phase (LBZA-ZnO transition).”® Following the LBZA-ZnO
transition, the pH gradually recovered to 5.8. At the end of
the reaction, a white precipitate is observed for all reactions
but to a varying degree, both in dispersion and on the flask.
After purification of the dispersed reaction products, a yield
of 12.6% was obtained. Repeating the HMTA reaction to
exclude the influence of titration itself (water, 0.2 mL min '),
no significant influence on the kinetics, final product or yield
was observed (Fig. S2a-ct). PXRD and SEM analyses confirm
the formation of wurtzite ZnO (Fig. S2d-f¥).

When titrating with 73.35 mM ammonia directly
(Fig. 2b, d and e), the pH profile showed the same features as the
reference HMTA reaction with one notable difference: the LBZA-
ZnO transition is observed at 51 min instead of 120 min reaction
time. This indicates a significant acceleration of the reaction
kinetics when using direct base-titration. Simultaneous titration
of formaldehyde showed no influence on the pH evolution
during the reaction. After purification, PXRD confirmed the
formation of wurtzite ZnO, independent of simultaneous
titration of formaldehyde (Fig. 3). As all PXRD reflections are
sharp, we conclude that the materials formed are crystalline. The
product yield was 3.5% when titrating with ammonia and 3.7%
when titrating with ammonia and formaldehyde.
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Fig. 3 PXRD data of ZnO formed by HMTA- and titration-mediated

synthesis. The PXRD data are normalized on the highest intensity signal

and, the broad PXRD signal visible at about 20° is due to the substrate.
All further observed spacings match with wurtzite ZnO.
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The effects of direct hydroxide addition by KOH titration
were investigated using the two protocols described above: 1)
taking the K4 of ammonia into account by gradually adding
3.1 mM KOH and 2) mimicking the ammonia titration
protocol using 73.35 mM KOH. Again, both strategies
showed the typical pH features (Fig. 2c-e) observed when
using HMTA.** The LBZA-ZnO transition was observed at 64
min reaction time for 3.1 mM and 21 min reaction time for
the 73.35 mM KOH titration strategy. Furthermore, when
using 3.1 mM KOH, the pH remained at 5.7 after the LBZA-
ZnO transition, resulting in a relatively low final pH
compared to all other reactions. This suggests that the added
amount of hydroxide is significantly lower for this
experiment than for all other investigated reactions. Indeed,
after purification, the yield was 0.4% for 3.1 mM and 4.3%
for the 73.35 mM KOH titration strategy. Due to the limited
yield, only the 73.35 mM KOH product could be analysed by
PXRD, which confirmed the formation of wurtzite ZnO
(Fig. 3).

Comparing the experimentally obtained reaction yields to
theoretically calculated values (ESIT section 3), it is found
that the result for the 3.1 mM KOH strategy matches well
with the expected yield (0.43%) when taking the ammonia Ky
into account. The 73.35 mM KOH and ammonia strategies
showed a notably higher yield close to ~4%. Given the close
match between the 73.35 mM KOH and ammonia yields, we
presume that almost all ammonia dissociates into
ammonium during the reaction. Therefore, the result using
73.35 mM KOH is expected to be close to the result obtained
using ammonia. This is likely caused by the formation of Zn-
ammonium complexes,”® possibly in combination with the
capping of LBZA and ZnO by ammonium.

Using SEM, the crystal size and shape were studied (Fig. 4
and S3T). An approximately constant crystal aspect ratio is
observed for all conditions. The crystal habit of wurtzite ZnO
results in either a rod-like or twin-pillared hexagonally
faceted shape.”® The ZnO crystals resulting from the 25 mM
HMTA reaction generally show this hexagonal shape. Size

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 SEM images of ZnO formed using 25 mM HMTA (a) and 8.33 mM HMTA (b) as a reference. Titration based-ZnO using 73.35 mM ammonia
titration (c), 146.7 mM ammonia with simultaneous 221.55 mM formaldehyde titration (d) and 3.1 mM (e) and 73.35 mM (f) KOH titration. All scale

bars equal 1 um. Size analysis is shown in Fig. S35

measurements revealed a diameter of 400 + 150 nm, where +
indicates the sample standard deviation (Fig. 4a). Although
all four HMTA-inspired titration strategies show hexagonally
shaped ZnO crystals, the hexagonal faceting is generally less
well expressed as compared to crystals of similar size
synthesized by using HMTA. Measuring the crystal size
revealed a diameter of 250 + 40 nm when titrating with
ammonia (Fig. 4c) and 260 + 70 nm when titrating with
ammonia and formaldehyde (Fig. 4d). This shows that
formaldehyde has no notable influence on the crystal shape
or size. Titrating with KOH results in a diameter of 270 + 110
nm for 3.1 mM (Fig. 4e) and 110 + 30 nm for the 73.35 mM
titration strategy (Fig. 4f). This indicates that the above
titration-based strategies result in the formation of smaller
ZnO crystals compared to the use of HMTA, especially when
using KOH as the base. Additional size measurements from
the PXRD data, by the use of the Scherrer equation, did not
yield reliable results because the crystals exceed the
maximum measurable crystal size imposed by instrumental
limitations.*

Overall, these results show that by using an HMTA-
inspired direct base-titration strategy, wurtzite ZnO can be
synthesized at a mild and controlled pH, and is formed
independent of the added base (ammonia or KOH) and that
the addition of formaldehyde does not seem to influence the
reaction. A similar pH evolution is observed for all the
titration strategies compared to the reference HMTA reaction,
suggesting that the underlying ZnO formation mechanism

This journal is © The Royal Society of Chemistry 2021

remains unchanged, although with increased reaction
kinetics. The HMTA-inspired titration-based ZnO crystals are
smaller, show a loss in crystal habit definition and have a
smaller yield than those from the reference HMTA reaction.

Increased base addition rates

Given the promising results using the HMTA-inspired direct
base-titration strategy, the flexibility of the approach was
used to optimize the formation of ZnO. As the initial step,
the base addition was increased by using a 1 M ammonia or
KOH stock solution while maintaining a titration rate of 0.02
mL min . After 1 h reaction time, no base was added in the
case that the pH was 6.0 or higher to minimize pH-induced
ZnO etching.*?

Using either a 1 M KOH or ammonia solution, all typical
pH features were observed (Fig. 5a and b). The LBZA-ZnO
transition was again clearly observed in both cases at 41 min
and 44 min reaction time, respectively. After the LBZA-ZnO
transition, the pH gradually increased (from 5.8) to 6.0 at 140
min for KOH and 169 min for ammonia. Upon reaching a pH
of 6.0, the base addition rate gradually decreased to 0 mL
min!, indicating that the reaction was complete. This was
observed between 180 and 240 min reaction time. In total,
2.70 mL of 1 M KOH and 3.27 mL of 1 M ammonia were
required for the reaction with no base added after a 4 h
reaction time (Fig. 5¢). This new titration strategy resulted in
a significantly increased yield of 31.8% using KOH and

CrystEngComm, 2021, 23, 3340-3348 | 3343
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Fig. 6 PXRD data of ZnO formed by direct base titration using 1 M
NHsz or KOH. The PXRD data are normalized on the highest intensity
signal and the broad pXRD signal visible at about 20° is due to the
substrate. All further observed spacings match with wurtzite ZnO.

41.3% using ammonia. PXRD confirmed the formation of
pure ZnO (Fig. 6). For 1 M KOH, SEM analysis showed the
formation of crystals with a diameter of 140 + 30 nm (Fig. 7b
and S3t) with some clear evidence of hexagonal faceting. For
1 M NHj; titration, crystals with a diameter of 240 + 90 nm
and clear hexagonal faceting were observed (Fig. 7c and S37),
however, rods tend to form clusters instead of the expected
twin-pillared structure.
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Influence of pH and promoting twin-pillar ZnO formation

Given the narrow pH range of 6.8-5.7 under standard
conditions, the influence of pH was further investigated. We
used 1) a lower starting pH of 5.3 combined with a low target
pH of 5.5 and 2) studied the influence of an initially higher
pH of ~8.3 combined with a similar reaction protocol to that
used at standard pH. In all cases, 1 M ammonia was
gradually titrated into the system.

Starting the reaction at pH 5.3, the pH gradually increased
until reaching 5.5 (Fig. 5a and b), after which the addition of
the base was stopped, resulting in a constant pH of 5.5 (Fig. 5¢).
During and after the reaction, no turbidity was observed, nor
could any product be obtained by post purification. This
indicates that no LBZA or ZnO is formed under these
conditions, suggesting that the typical reaction pH of 5.7-5.8 is
close to the minimal pH required for the formation of ZnO.

To probe the higher pH range, the starting pH was set to
8.3 by either titrating 1 M ammonia (4.7 mL, Fig. 5) or KOH
(4.8 mL, Fig. S47) to the reaction mixture (Fig. S51). Upon
reaching pH 6.9, this instantly led to the precipitation of
LBZA using either bases, independent of the base addition
rate (Fig. S6T). Upon reaching pH 8.3 by titrating with
ammonia or KOH, a stable pH was obtained.

Upon initiating the reaction by heating (Fig. 5a and b and
S47), in situ pH measurements show an immediate drop in pH.
In the case where ammonia was used to set the initial pH, an
accelerated decrease in the pH is observed 21 minutes after
starting the reaction, suggesting a very early LBZA-ZnO
transition. Around 32 min, a minimum pH of 6.6 is reached,
followed by a gradual increase in pH up to 6.8 at 60 min due to
the constant titration of ammonia. At 60 min, ammonia
titration stops resulting in a slight drop in pH to 6.7 after which
the pH remains stable for the remainder of the reaction. When
adjusting the pH using KOH, a comparable pH evolution is
observed with one notable difference. A small rise in pH is
observed at 22 min, followed by a second pH decrease at 42
min (Fig. S4af). These two pH observations make it unclear
when the transition from LBZA to ZnO exactly occurs. After
purification, an even higher yield of 74.5 or 68.2% was obtained
using ammonia or KOH, respectively, to set the initial pH. PXRD
analysis showed the formation of wurtzite ZnO for both bases
(Fig. 6). SEM images show the formation of twin-pillared ZnO
(Fig. 7d and e) with the amount of ammonia used during the
start of the reaction strongly affecting their morphology. The
use of KOH resulted in ZnO crystals with a diameter of 220 + 90
nm with a less defined crystal habit, particularly visible on the
side facets (Fig. 7e and S3t). Using ammonia to set the pH
resulted in crystals with a diameter of 390 + 110 nm and a
complete loss of crystal habit, ie.,, multifaceted ZnO crystals
(Fig. 7d and S37).

Using the high starting pH of 8.3, predominantly twin-
pillared ZnO crystals were observed whereas clusters of ZnO are
predominantly formed using the milder native reaction pH.
LBZA is formed upon increasing the starting pH and LBZA is
believed to act as a nucleation template during the formation of

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ce00222h

Open Access Atrticle. Published on 24 March 2021. Downloaded on 11/11/2025 4:30:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

CrystEngComm

set to pH'8.3 NH:

4

View Article Online

Paper

f, N NHs 77
préadded [ =7
AP 7% b, iy

1\ &
Y . e

Fig. 7 SEM images of ZnO formed with 25 mM HMTA as a reference (a, duplicate of Fig. 2a), titrating with 1 M KOH at native starting pH (b) and 1
M ammonia at native starting pH (c), starting at a pH of 8.3 set using ammonia (d), starting at a pH of 8.3 set using KOH (e) and titrating with 1 mL
of 1 M ammonia before initiating the reaction (f). The PXRD data are normalized on the highest intensity signal and the broad pXRD signal visible at

about 20° is due to the substrates. All scale bars equal 1 pm.

ZnO in dispersion.*** Therefore, to promote the formation of

twin-pillared ZnO at a mild reaction pH, a titration reaction was
designed starting at pH 6.9, after adding 1 mL of ammonia at
RT to promote the initial formation of LBZA (Fig. 5, and S57).
This resulted in a yield of 34% wurtzite ZnO (Fig. 6). Indeed,
after purification, SEM analysis (Fig. 7f and S31) showed the
presence of predominantly straight twin-pillared ZnO crystals
with a diameter of 200 + 50 nm.

In short, it was observed that titrating an increased
concentration of the base during the reaction results in the
formation of wurtzite ZnO crystals that are similar in size and
shape compared to the use of HMTA, while maintaining a
similar pH evolution and range. Simultaneously, the yield
increased significantly to ~35%, when aiming at a pH of 6.
Decreasing the reaction pH does not result in LBZA or ZnO
formation; however, upon increasing the starting pH to 8.3, the
ZnO yield is increased to ~70%. Crystals formed at elevated pH
show the loss of habit, especially when adding relatively large
amounts of ammonia. The formation of a twin-pillared ZnO
structure over clustered pillars can be promoted by simply
adding a base before initiating the reaction.

Discussion
Yield

As mentioned, the reference HMTA reaction resulted in a
yield of ~13%. This value exceeds both the yields observed

This journal is © The Royal Society of Chemistry 2021

for the HMTA-inspired ammonia- and KOH-based titration
strategies (~4%) and the expected maximum yield, based on
the predicted decomposition rate of HMTA (10%, ESIf}
section 3). To obtain an HMTA reference with a lower yield,
the initial amount of HMTA was decreased from 25 mM to
8.33 mM. However, this still resulted in a yield of 7.2%,
significantly exceeding the yield of the titration reaction and
the expected maximum yield (~3.3%, Fig. S21). Ashfold
et al."® showed that the decomposition rate of HMTA is not
affected by the formation of ZnO after a reaction time longer
than 2 h and these authors are on occasion cited as to prove
that the ZnO formation reaction does not affect the HMTA
decomposition rate. However, using their data for the first
1.5 h, we calculated a close to 9-fold faster decomposition
rate in the presence of the ZnO forming reaction (ESI}
section 3). This higher initial decomposition rate of HMTA
during the formation of ZnO explains the higher yield for the
reference HMTA reaction compared to the 73.35 mM base
titration reactions. This emphasizes the unpredictability of
the reference HMTA reaction and makes the direct imitation
of HMTA decomposition highly challenging.

When titrating with 1 M of base, an increase in yield with
reaction pH could be observed. Titrating ammonia to an
equilibrium pH of 6.0 resulted in a yield of 34.0 or 41.3%
with or without an initial addition of base, respectively. For
the high pH reactions with a final pH of 6.6 and 6.4, a yield
of 74.5 or 68.2% was obtained, respectively. This suggests
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that the equilibrium between soluble Zn species and ZnO
shifts with increasing reaction pH, allowing for a larger ZnO
yield when terminating the reaction at a higher final pH. This
also shows that significantly more base is added using these
1 M base titration strategies than when using HMTA.

Kinetics

Comparing the LBZA-ZnO transition time between
experiments, we note that by titrating with 73.35 mM KOH,
this transition is observed slightly earlier at 40 min compared
to 51 min using 73.35 mM ammonia. In general, faster
reaction kinetics are observed with an increase in the
concentration of the base added (Fig. 3 and 5). By increasing
the added KOH concentration from 3.1 mM to 73.35 mM, the
time at which the LBZA-ZnO transition occurs decreases
from 64 min to 40 min. However, further increasing the KOH
concentration to 1 M does not further accelerate the
occurrence of the LBZA-ZnO transition. Moreover, using 1 M
ammonia, the addition of 1 mL base before initiating the
reaction results in a delay of the LBZA-ZnO transition from
44 min to 50 min reaction time (Fig. 5). Given that the LBZA-
ZnO transition is presumably caused by LBZA crystals
exceeding a critical size,*® this suggests that the LBZA-ZnO
transition time depends on small variations in the (initial)
reaction conditions influencing the LBZA growth rate and/or
stability. This point is further supported by the transition
time of ~120 min when using HMTA, close to an hour longer
than all titration reactions including those with a slower base
addition. However, based on the present data, it cannot be
excluded that the presence of HMTA itself has a retarding
effect on the kinetics.

Particle size, shape and capping

The shape of the ZnO crystals seems to be strongly
influenced by the added concentration and type of the base.
Titration of KOH results in the formation of relatively poorly
defined crystals with some hexagonal features, independent
of the titration concentration of KOH (3.1 mM, 73.35 mM or
1 M). The size of the crystals decreases with increasing
amounts of the base from 270 + 110 (at 3.1 mM) to 140 + 30
(at 1 M). This implies that the increased presence of the base
in the system increases the number of nuclei resulting in
smaller particles.>®

When using ammonia, additional changes in the crystal
habit of the reaction product are observed. Titration with a
relatively low amount of ammonia (73.35 mM, Fig. 4c) results
in crystals with poor hexagonal faceting, while the titration
with a higher amount (1 M, Fig. 7c) results in highly defined
hexagonal crystals. This suggests, especially when taking the
KOH observations into account, that the ZnO crystal habit
definition increases with the amount of ammonia in the
system, as further supported by the HMTA observations. This
strategy adds an intermediate amount of ammonia compared
to the two ammonia titration strategies and results in a less
clear hexagonal habit compared to the use of 1 M ammonia

3346 | CrystEngComm, 2021, 23, 3340-3348

View Article Online

CrystEngComm

titration (Fig. 4a and 7a). The influence on the crystal shape
due to the presence of ammonia is a strong indicator of
capping behaviour. Additional evidence for the capping of
ammonia is provided from the reactions starting at an
elevated pH of 8.3. In contrast to using KOH, using ammonia
to set the initial pH results in the formation of multifaceted
ZnO structures. Strikingly, Amin et al®’ observed similar
multifaceted ZnO crystals for HMTA-based ZnO but at a very
low starting pH of 1.8. This large difference in the starting
pH excludes the pH effect. However, both systems are
expected to contain a large amount of ammonia before the
onset of ZnO formation, either due to the initial correction of
pH starting at 8.3 or by rapid HMTA decomposition when the
pH is increased from 1.8 to >5.5 to conditions under which
ZnO can be formed.

The observation of capping behaviour by ammonia is not
surprising. Adsorption of ammonia on ZnO is a known
behaviour®®?° and exploited for the use of ZnO as ammonia
sensors.’*™** With an increasing concentration of ammonia,
both the (001) c-plane and the (210) m-plane become more
pronounced, suggesting that both planes are capped (Fig.
S7t). Wurtzite ZnO has an innate preferential growth in the
[001] direction in water.*> Hence, observation of preferred
growth suggests that capping along the m-plane is either
comparable to the capping of the c¢-plane or more
pronounced. The c¢-plane is composed of alternating layers of
Zn" or O resulting in a positively or negatively charged
polar surface. The m-plane has no net surface charge and is
non-polar. Although the surface chemistry is different, the
adsorption of ammonia in the gas phase has been
experimentally confirmed on both the c¢-plane* and the
m-plane,” supporting this hypothesis.

Besides the effect of HMTA on crystal faceting, there is an
additional factor that influences both the size and shape of
the ZnO crystals, namely the early formation of LBZA during
the reaction. As discussed earlier, LBZA promotes the
formation of twin-pillared ZnO crystals by acting as a
nucleation template.® Thus, if more LBZA is formed at the
start of the reaction, ZnO nucleation will become more
favourable compared to growth, thereby decreasing the ZnO
particle size. Indeed, in this work, early formation of LBZA
decreased the ZnO diameter from 240 + 90 nm to 200 + 50
nm.

Direct HMTA influences

Compared to the HMTA-inspired titration strategies, the
reference HMTA reaction results in larger and more clearly
faceted ZnO particles, a higher reaction yield and retarded
reaction kinetics. This makes it arguable whether HMTA has
a direct influence on the reaction, besides its gradual
formation of ammonia. Unfortunately, given the influence of
the ZnO formation reaction on the decomposition rate of
HMTA, it can also be argued that all these effects are caused
by variations in the base formation rate. Therefore, based on
the present data, no firm conclusion can be made whether

This journal is © The Royal Society of Chemistry 2021
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HMTA directly influences the ZnO formation process.
However, it should be noted that by increasing and
optimizing the ammonia addition rate, ZnO crystals can be
formed similar to those formed when using HMTA. This
shows that, although HMTA may directly influence the
formation of ZnO, the same results can be achieved by
optimizing ammonia titration conditions.

Conclusion

Waurtzite ZnO was synthesized at mild pH in water using a
direct base titration strategy which offers excellent control
over the base addition rate. Using HMTA inspired titration
rates, we found that ZnO is formed independent of the added
base, either ammonia or KOH. The evolution of pH with time
indicates no change in the ZnO formation mechanism
compared to that of HMTA, but only changed reaction
kinetics. In contrast to statements in the literature, the
formation of ZnO was found to influence the decomposition
rate of HMTA. Formaldehyde, a side product of HMTA
decomposition, shows no influence on the reaction.

Use of KOH as the base results in relatively small crystals
independent of the added amount of the base. Using increasing
amounts of ammonia instead, the shape and degree of faceting
closely matches the typically observed hexagonal ZnO twin-pillars,
which implies that ammonia caps the formed ZnO crystals.

Reducing the reaction pH to <5.5 prevented any reaction
from occurring, showing that a minimal pH value is required
for the reaction. In contrast, increasing the starting pH to 8.3
resulted in ZnO formation with a loss in crystal habit. Here,
the use of ammonia to set the starting pH resulted in
multifaceted ZnO crystals. The typical twin pillared ZnO
crystal shape was predominantly observed when LBZA was
formed before initiating the reaction. This supports the
hypothesis that LBZA acts as a nucleation template for the
formation of twin pillared ZnO crystals in dispersion. Given
the observed influences of ammonia on the formation of
ZnO in this work, it can be argued that it is ammonia and
not HMTA that further directs the formation of the ZnO
crystals. Due to the direct control over the base addition
rates, ZnO yields exceeding 74% could be achieved. This yield
increases with the target pH.

Given the direct control over base addition and the
entailing flexibility provided by the titration-based ZnO
synthesis strategy, we believe that it is a promising tool for
mineralization in general. For ZnO in particular, we expect it
to have further uses for heterogenous ZnO nucleation and
growth, due to the high control over the growth conditions,
and for the formation of ZnO at reduced temperatures thanks
to the temperature independent addition of the base.
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