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Thin films of two ambipolar lithium-organic electrode materials,
Li,DHTP and Li4DHTP, are grown from gaseous precursors, Li(thd)
(tetramethyl heptanedione) and DHTP (dihydroxyterephthalic
acid). These precursors are pulsed into the reactor in a sequential
manner like in atomic/molecular layer deposition, but the reaction
product, ie. the di- or the tetra-lithium salt, is controlled by
adjusting the precursor pulse lengths.

Introduction

Metal salts of 2,5-dihydroxyterephthalic acid (H,-DHTP) comprise
an interesting group of coordination polymer (CP) and metal-
organic framework (MOF) type metal-organic materials with
extraordinarily rich coordination chemistries." The richness
arises from the two different reactive groups, carboxylic acid, and
phenol, both present as duplicates in the H,-DHTP molecule.
This allows the formation of both di- and tetra-metal salts,
depending on the bonding scheme and the degree of deprotona-
tion of H,-DHTP. A comprehensive account of the coordination
modes with different metals is found in a recent paper by Quarez
et al.® Potential applications proposed for these materials include
gas adsorption, detection, and separation,>*>”® as well as active
rechargeable batteries®*'® and electrochromic devices."

With lithium, both the H,-DHTP derivatives, Li,DHTP and
Li,DHTP (Fig. 1), have been realized in crystalline form
through conventional solution-synthesis routes, using respect-
ively, Li,CO; or MeOLi as the lithium source.>*'® The Li-rich
Li,DHTP is air-sensitive though, yielding Li,O as a result of
auto-oxidation.”> The carboxylate moiety undergoes reversible
redox reactions at ca. 0.8 V vs. Li'/Li and the aryloxide (reacted
phenol) at ca. 2.6 V vs. Li'/Li. This makes Li,DHTP - similarly
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to Na,DHTP'?> - an interesting ambipolar electrode material
for symmetric cells with an average working potential of 1.8 V
vs. Li*/Li.°

Electrochemically active organic materials, in general, are
currently gaining significant attention. They may not beat the
state-of-the-art inorganic electrode materials in overall battery
performance but could provide an attractive alternative when
issues related to critical raw materials, energy-efficient syn-
thesis/recycling, or gravimetric and mechanical properties are
considered. The major challenges of the organic electrode
materials are their intrinsically low electron conductivity and
dissolution in liquid electrolytes; these issues can, however, be
circumvented by applying the materials in thin-film form in
combination with a solid electrolyte."*” The all-solid-state
thin-film configuration would also serve as an optimal model
system for investigating the intrinsic properties of organic elec-
trode materials and understanding their solid-state electro-
chemical behavior and stability.">'®* Hence, it is important
to develop reliable and scalable thin-film fabrication processes
for the most interesting organic electrode materials.

In recent years, the combined ALD/MLD technique,
derived from the atomic layer deposition (ALD) technology of
high-quality inorganic thin films for microelectronics and
beyond, has been harnessed for the growth of many intriguing
in situ crystalline metal-organic materials directly from
gaseous precursors.'82%2%732 A prototype ALD process is based
on two mutually reactive gaseous (or evaporated with moderate
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Fig. 1 Visualization of the chemical compositions and specific bonding
features of the targeted materials.
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heating) precursors sequentially pulsed into the reactor
chamber to facilitate the atomic layer by atomic layer film
growth with excellent control for the film thickness, homogen-
eity, and conformity. Ideally, the two successive surface reac-
tions should saturate and be self-limiting, meaning that the
growth per cycle (GPC) levels of to a constant value when long
enough precursor pulses are applied. Molecular layer depo-
sition (MLD) is an extension of ALD, to deposit purely organic
thin films from two different organic precursors in a similar
fashion; ideally, the process controllability and the film quality
should be of the same level as in ALD. Then, in the hybrid
ALD/MLD technique a metal-bearing ALD precursor is com-
bined with an organic MLD precursor to deposit metal-
organic thin films within the same sequential gas-surface
reaction scheme. The precursor pulse times required for
perfect saturation are somewhat reactor and reaction condition
specific, but usually these pulsing times do not exceed a few
seconds for metal precursors and a few tens of seconds for
heavy organic precursors (longer pulse lengths needed due to
their typically lower vapor pressures).>**33°

In this communication, we use a similar sequential precur-
sor supply scheme to introduce Li(thd) (thd = 2,2,6,6-tetra-
methyl-3,5-heptanedione) and H,-DHTP precursor vapors in
an ALD/MLD reactor chamber. Excitingly, the films grow in a
highly reproducible manner such that the film thickness is
well controlled by the number of ALD/MLD cycles applied
(once the other deposition parameters are fixed), but the end
product, i.e. Li,DHTP or Li,DHTP, depends on the lengths of
the precursor pulses. The two types of films are readily distin-
guished from each other with X-ray diffraction, infrared
absorption, and cyclic voltammetry data.

Methods

Commercial Hi-DHTP powder (98%, Sigma-Aldrich) and in-
house synthesized Li(thd) powder were used as the precursors;
the reagents for Li(thd) synthesis were LiOH (98%, Alfa Aesar)
and 2,2,6,6-tetramethyl-3,5-heptanedione (Tokyo Chemical
Industry Co. Ltd) and the product was purified by sublimation.
The films were grown on p-doped silicon test wafers (Okmetic
Ltd), and also on stainless steel disks (MTI Corporation) for
the electrochemical characterization, using an F-120 flow-type
hot-wall ALD reactor (ASM Microchemistry Ltd) functioning at
a low pressure of ca. 5 mbar and operated under nitrogen
(99.999%) atmosphere generated from the air (Parker HPN
5000 N, generator). The same N, gas was used as a carrier and
purge gas. The Li(thd) and H,-DHTP precursor powders,
placed in separate containers within the reactor, were heated
for sublimation at 175 and 190 °C, respectively; the latter
temperature was chosen based on TG-vacuum analysis.*® Most
of the depositions were made at 200 °C, but few depositions of
300 cycles were made at 250 °C, just to confirm that the obser-
vations also take place at higher temperatures.

The X-ray diffraction patterns were recorded for the
samples in grazing-incidence geometry (GIXRD; X'Pert Pro,
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PANalytical; Cu Ko; incidence angle 0.5°). X-ray reflectivity
(XRR) patterns were recorded with the same equipment to
determine the film thicknesses and densities. Chemical com-
positions and bonding structures were studied with Fourier
transform infrared spectroscopy (FTIR; Bruker Alpha II); the
resolution was 4 cm™' over 32 scans, and the spectrum of a
blank reference wafer was subtracted from the measured
spectra.

Samples for the electrochemical characterizations were de-
posited on stainless steel substrates (@ 15.5 mm). These
coated steel disks were applied as a working electrode in
CR2016 coin cells assembled in a glove box (<1 ppm of O, and
<0.1 ppm of H,0). The samples were dried in a vacuum
(110 °C) and moved under vacuum into a glovebox (<1 ppm for
0,, <0.1 ppm for H,0). Lithium foil (Sigma Alrdich, 99.9%)
was used as a counter electrode, and 1 M LiPFs in 1:1
EC:DMC as electrolyte. The cells were let to stabilize for
24 hours prior to the cyclic voltammetry (CV) measurements
(Autolab PGSTA302N potentiostat).

Results

Since H,-DHTP contains both carboxylic acid and phenol func-
tional groups, we could expect from our previous experiences
with terephthalic acid and hydroquinone precursors combined
with Li(thd) and LiHMDS (lithium bis(trimethylsilyl)amide),
respectively,'®'*?” that H,-DHTP could readily react with these
common lithium precursors; for the present study, our choice
was Li(thd), but presumably, LIHMDS would work similarly.
Based on these previous experiences, we selected the following
precursor and purge pulsing sequence for our initial experi-
ments: 4 s Li(thd)/4 s N,/10 s H,-DHTP/30 s N,. As was pre-
dicted, this process was found to yield Li-organic thin films in
a reproducible manner independent of the pulsing sequence.
Further analysis with GIXRD and FTIR (details discussed later)
indicated that the films were in situ crystalline of the Li,DHTP
phase.

Among the two types of functional groups, the carboxylic
acid group is more acidic, and our assumption was that it
would react first with Li(thd); indeed, this seems to be the case
as the deposition product was found to be Li,DHTP. Then, the
exciting discovery was that apparently the reaction proceeds
further to Li,DHTP if the Li(thd) pulse length is elongated.
When the Li(thd) pulse length exceeded 32 s (while keeping
the H,-DHTP pulse length fixed at 10 s, the crystalline films
were found to transform into amorphous Li,DHTP phase. This
second reaction step resulting in Li,DHTP was noticed -
besides the GIXRD observation - from the GPC versus Li(thd)
pulse length plot in Fig. 2, as this plot does not show the
ordinary saturation behavior expected for a prototype ALD/
MLD process yielding a single product. From Fig. 2, essentially
phase-pure Li,DHTP films could be grown with the rate of ca.
4-8 A per cycle, while the GPC value seen in the case of the
essentially phase-pure Li,DHTP films was ca. 13 A per cycle,
i.e. roughly twice the value seen for Li,DHTP. It should
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Fig. 2 GPC versus Li(thd) pulse length (H;-DHTP pulse length fixed to
10 s); the resultant product (Li,DHTP or Li,DHTP) is highlighted.

however be noted that compared to the Li,DHTP films, the
Li,DHTP films were less uniform with some thickness profile
along the flow direction, and thus the GPC values were less
precise.

The two phases, Li,DHTP and Li,DHTP, present in the
samples were most easily distinguished by FTIR (Fig. 3a). In
both cases, the features seen in the spectra can be interpreted
based on the spectra previously reported and interpreted for
bulk Li,DHTP to Li,DHTP samples (ESI $1-31).*'® The most
important features are the asymmetric (v,5) and symmetric (vs)
vibrations of the carboxylate group. The separation of these
vibrations gives a rough indication of the binding mode
between the metal ion and the carboxylate group. The trans-
formation from Li,DHTP to Li,DHTP decreases the peak separ-
ation from 281 to 193 em ™' and shifts the position of the vy
peak from 1642 to 1557 cm™ . The straightforward interpret-
ation of these observations would be that the binding mode
changes from monodentate for Li,DHTP to bridging type for
Li,DHTP.*® The coordination chemistry of DHTP is however
quite complicated, and verification of this interpretation
would require knowledge of the detailed crystal structure
which unfortunately is known for neither Li,DHTP nor
Li,DHTP. Indeed, only the crystal structure of hydrated
Li,DHTP-4H,0 is known,® but this structure is apparently
different from those of Li,DHTP and Li,DHTP judging from
their different XRD patterns. An additional important signa-
ture to distinguish Li,DHTP from Li,DHTP in FTIR is the wide
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absorption feature seen for Li,DHTP in the 2500-3000 cm™!
area due to intramolecular hydrogen bonding between the
phenol and carbonyl groups. These peaks are naturally not
seen for Li,DHTP, as such hydrogen bonds are not possible.

The phase composition of the films was visible also from
the XRR and GIXRD data (Fig. 3b and c). The film densities
derived from the XRR data were different for the films com-
posed of Li,DHTP (1.73 ¢ cm™) and Li,DHTP (1.52 g cm>).
From GIXRD, the Li,DHTP films are well crystalline, with very
intense peaks at 27.6° and 28.6°; the intensity ratio and peak
positions match the previously reported diffraction pattern for
evacuated bulk samples of Li,DHTP (but not those of
Li,DHTP-4H,0,° as already mentioned)."® The as-deposited
Li,DHTP films were amorphous, but were crystallized in
ambient conditions over the night, forming - most likely - the
quinone variant (no phenol groups) of Li,DHTP, and even-
tually - unless protected — Li,O as reported earlier for bulk
samples.® In contrast to Li,DHTP, the Li,DHTP films were
stable in ambient conditions, and did not absorb moisture.

We characterized the electrochemical properties of the
Li,DHTP and Li,DHTP films with cyclic voltammetry measure-
ments (Fig. 4). Firstly, for Li,DHTP cycled between 1.5-3.5 V,
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Fig. 4 Cyclic voltammograms for Li,DHTP and Li;,DHTP films. The
Li4DHTP voltammogram is offset by 10 pA cm™2.
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no electrochemical activity due to the alkoxide/quinone pair
was observed; the irreversible peaks seen are probably due to
the electrochemical activity of the phenol (-OH).*® It is known
that phenol groups can be lithiated at low potentials coupled
with formation of H, gas.’°™* Here also, the Li,DHTP film
could be electrochemically lithiated into Li,DHTP by sweeping
the potential to 0.1 V and back to OCV. After this lithiation
cycle the alkoxide/quinone redox pair appeared at ca. 2.6 V vs.
Li*/Li, as expected.’ The as-grown amorphous Li;DHTP film
behaved in a different fashion; it exhibited only a single redox
pair centered around 2.9 V (and unstable behaviour at higher
voltages), which does not exactly agree with the expected
quinone redox pair value. Whether or not this peak is due to
some other redox pair in the molecule remained to be clarified
in more detailed studies in the future. However, here we like to
refer to a somewhat similar case of ALD V,05 films, grown in
both crystalline and amorphous forms depending on the pre-
cursors used, and showing different electrochemical character-
istics depending on the crystalline/amorphous nature of the
films.”* Finally, we should mention that among the two
phases, Li,DHTP and Li,DHTP, the latter is preferred for the
electrochemical applications, as it possesses the required func-
tional groups both for the negative (-COOLi) and the positive
(-OLi) electrode redox couples. Moreover, in this compound
the phenol groups are already lithiated such that no H, is
formed during the cell operation.

Discussion

To gain a deeper understanding of the surface chemistry fea-
tures of our Li(thd) + H,-DHTP deposition process, we carried
out a set of additional experiments with different combi-
nations of precursor pulse lengths (Table S1t). The clear con-
clusion was that essentially phase pure (crystalline) Li,DHTP

PULSING SCHEMATIC

() LITHIUMEE 45
ORGANIC . 10 s

Li,DHTP ~4 A/C

ORGANIC mmmmm 10 s

(i) LITHIUM D 3 s

Li,DHTP ~13 A/C
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films are reproducibly obtained when the Li(thd) pulse length
is short and also clearly shorter than that of H,-DHTP. On the
other hand, to deposit pure (amorphous) Li;DHTP films the Li
(thd) pulse needs to be considerably longer than that of H,-
DHTP. When the H,-DHTP pulse length was of the same mag-
nitude as that of Li(thd), the GPC value became very
high (exceeding even 30 A per cycle when the pulse length was
32 s for both precursors); it should be noted, however, that
the film thickness determination was somewhat ambiguous
for the films with the highest GPC values due to their
roughness.

Tentatively, we assume that the Li,DHTP phase forms
through a similar lithium-replacing reaction as is known to
occur for the transformation of MgF, to LiF.* Hence, intui-
tively one might think that an efficient method to
fabricate Li,DHTP could be to lithiate Li,DHTP just with a very
long Li(thd) pulse at the end of the film growth process.
However, in practice, this may not work as pure Li,DHTP is
difficult to form in the given conditions. This is further
explained below.

In Fig. 5 we present a schematic illustration of the reaction
process. In phase 1, the faster reaction between Li(thd) and
the carboxylic acid group takes place forming initially
Li,DHTP. After this, Li,DHTP lays on the surface and if the
incoming Li(thd) pulse is long enough, the lithiation of the
phenyl moiety also begins, to eventually form Li,DHTP in
phase 2. Most likely this second reaction step is less controlled
than the first one, being thus the underlying reason why the
Li,DHTP films were less uniform than the Li,DHTP films. In
phase 3, the formed Li,DHTP reacts with the incoming H,-
DHTP precursor; here again, the carboxylic acid group
reacts more readily than the phenyl group with the -OLi
group. This reaction converts one Li,DHTP moiety into two
Li,DHTP moieties, which can again react in the “expected”
way with the H,-DHTP precursor. The proposed surface reac-
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Fig. 5 Schematic illustration of the proposed reactions occurring in the Li(thd) + H4,-DHTP process with different precursor pulse lengths.
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tions could be simplified with the following exchange reac-
tions:

2Li(thd) (ads) + H4-DHTP (g) — Li,DHTP (s) + 2H(thd) (g)

Li,DHTP (s) + 2Li(thd) (g) — LiyDHTP (s) + 2H(thd) (g)
LisDHTP (s) + H4,-DHTP (g) — 2Li,DHTP (s)

2Li,DHTP (s) 4+ 2H,4-DHTP (g)
— 2Li,DHTP (s) + 2H,-DHTP (ads)

Owing to the exchange of H,-DHTP to Li,DHTP, during one
cycle four H,-DHTP moieties may be deposited on the surface.
Thus, to make the deposition process for Li,DHTP films as
controllable as possible, the formation of Li,DHTP during the
process should be avoided, as its transformation back to
Li,DHTP leaves extra molecules on the surface.

The Li,DHTP films, on the other hand, often exhibited gra-
dients over areas where the precursor flux is expected to be the
highest; the most straightforwardly expected cause for this is
an insufficient precursor pulse time. It seems that Li,DHTP
forms fastest on the substrate areas that saturate first. If the
whole film area is not successfully converted into Li,DHTP,
large growth gradients may quickly form due to the extra
surface species generated (that would again saturate quicker
than the other areas making the problem even worse).

Finally, we like to mention that in principle, it should be
possible to perfectly transform the entire film into Li,DHTP
and then back to Li,DHTP to achieve uniform Li,DHTP coat-
ings with an extraordinarily high growth rate. However, this
was difficult to achieve in practice and the experiments
resulted in non-uniform growth along the flow direction. In
the future, it might be interesting to play with the reactivity of
the lithium precursor. Towards this research direction, we
already carried out a few experiments with LIHMDS that is
more reactive than Li(thd), to find out that the growth rate
increased but the film uniformity got worsened. The other
option, ie. to look for a less reactive lithium precursor,
remained to be challenged in future works.

Conclusions

We have presented straightforward and reproducible gas-phase
fabrication routes for two intriguing Li-organic materials,
Li,DHTP and Li,DHTP, for the first time. The processes are
based on two precursors only, i.e. Li(thd) and H,-DHTP, sequen-
tially pulsed in an ALD/MLD type reactor. The exciting feature —
which distinguishes the processes from the ideal ALD/MLD
scheme - is that the phase composition of the films is controlled
by the precursor pulse lengths, the Li,DHTP films requiring
shorter and the Li,DHTP films longer Li(thd) pulses. The Li(thd)
+ H,-DHTP process delivers the Li, DHTP films in in situ crystal-
line form, while the Li,DHTP films are initially amorphous but
are crystallized during storage in ambient conditions.
Preliminary characterization of the films with cyclic voltammetry
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experiments demonstrated that both the Li,DHTP and Li,DHTP
films are electrochemically active, as desired.

We foresee that similar unconventional surface-reaction path-
ways as found and successfully utilized here for the Li,DHTP and
Li,DHTP films could be innovatively exploited also with other
interesting organic molecules with multiple different reactive
groups connected to the same organic moiety.
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