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1. Introduction
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Metal-organic frameworks (MOFs) are attractive candidates to meet the requirement of next-generation
batteries, as functional materials with a high surface area, well-defined metal centers, and organic linkers
through coordination bonds. Due to their great tunability, MOFs have been investigated as electrodes or
electrolytes in lithium batteries and more recently as protective layers in anode-less batteries. Here, we
synthesize a Niz(HHTP), MOF directly at the air-liquid interface of a Langmuir trough and grow the elec-
trode on a conductive substrate by the transference process. The characterization during Langmuir film
formation shows that the addition of crystallization time during the compression process enhances the
formation of 2D crystalline domains, as observed by in situ grazing-incidence X-ray diffraction. Next, the
transferred Niz(HHTP), ultrathin films were studied as working electrodes in Li batteries in a half-cell
configuration and compared with bare copper. The results show that the Niz(HHTP), film protects the Cu
collector from oxidation, and the negative charge accumulates in the organic ligand during the lithiation
process while Ni"' oxidizes to Ni'", unlike other triphenylene-based MOFs with Cu' or Co'" metal nodes.
The galvanostatic plating—stripping cycles of the batteries show that the inclusion of the crystallization
time improves the coulombic efficiency, especially significantly in the first cycles when the SEl is formed.
This work shows the Langmuir technique as a useful tool to test MOF based materials for batteries with
the advantages of using a low amount of raw materials and without the need to introduce additives
(binder and electron conductor) in the electrodes. The electrochemical study of this type of electrode
allows a first screening to synthesize electrodes based on MOFs and can be a tool for the preparation of
protective coatings under optimized conditions.

have been intensively studied as advanced functional materials
for a large variety of applications,® including environmental

Metal-organic frameworks (MOFs) are a subset of coordination
networks extending in either two or three dimensions, com-
posed of inorganic nodes (clusters or metal ions) connected by
organic ligands and containing potential voids.’ Although
most MOFs are crystalline and exhibit permanent porosity,>
there are also amorphous MOFs, MOF liquids, MOF glasses,
and non-porous MOFs.? Due to their rational design, structural
diversity, and tunable physical and chemical properties
(including surface area, pore size, functionalities, etc.), MOFs
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remediation processes,” CO, capture,® and energy storage.” In
the particular case of lithium batteries, MOFs are scarcely used
compared to inorganic or graphitic materials and most of the
studies employ them as the template or precursor of carbon
based electrodes because of the low MOF electric
conductivity.®® Also the fabrication of electrodes, usually
made by a deposition of slurry of the synthesized powder,
requires a long time of preparation and a large amount of pre-
cursor materials and MOFs, particularly if a second pyrolysis
process is performed. However, particular properties of MOFs
like their stable porous structure that can promote mass trans-
port,'® high tolerance to the change of volume during charge/
discharge," the redox activity of the metal node and/or
organic linker,">"® and their hydrophobic nature can improve
the cycle life and safety of batteries and can enable them to
advance beyond lithium ion battery technology.

One such technology is the lithium metal battery, in which
the anode is made of lithium metal. In this type of battery, the

This journal is © The Royal Society of Chemistry 2023
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anode is no longer a lithium-ion host material but the lithium
metal, which allows the energy and power density as well as
the maximum theoretical open-circuit voltage to be
increased." For this technology, the suppression of lithium
dendrites is necessary, using an optimized solid electrolyte or
a protective layer on the top of lithium.">"® A further advance-
ment is the anode-less battery, in which the Li* ions from the
cathode and electrolyte are reduced to the Li metal directly on
the anodic collector forming the “anode”.'” These anode-free
batteries increase both the gravimetric and volumetric energy
density, while improving safety, since no extra metallic lithium
is included in the cell. However, anode-less batteries have the
same concern of lithium dendrite growth, and thus protective
layers are also required. Protective layers should be electroche-
mically and mechanically stable and homogeneous to avoid
the formation of preferential channels or lithium depletion
areas, which facilitate dendritic lithium deposition.’®'° In this
context, MOFs can be great candidates to fulfill all the require-
ments due to their ordered porosity and synthetic
versatility.'”2%2!

Among the different MOF families, 2D MOFs based on tri-
phenylene®” are promising materials for batteries due to their
high electric conductivity caused by the presence of n deloca-
lized electrons in the planar structure and by n-rn stacking out-
of-plane.”® Although the fabrication of extended uniform
2D-MOF thin films is still challenging, in recent years there
has been relevant progress in the creation of MOF nanosheets
utilizing the interfacial reaction between the organic ligands
and the metal ions at the air-liquid or liquid-liquid
interfaces.”>***® According to these studies, after a certain
lapse of time the 2D MOF film is spontaneously formed at the
air-liquid interface. The Langmuir technique is based on the
formation of monolayers at the air-liquid interface and allows
the area per molecule to be controlled by a mechanical com-
pression process while measuring the surface pressure. Next,
transfer of the monolayers from the air-liquid interface to a
solid substrate can be performed at a controlled surface
pressure to maintain a similar film structure throughout the
deposition cycles. This bottom-up synthesis technique allows
high control of the structure and requires a minimum amount
of precursor materials.

To the best of our knowledge, the Langmuir technique is
used here for the first time as the synthesis procedure of a
MOF to study its electrochemical response in a lithium
battery. In particular, the MOF studied is nickel 2,3,6,7,10,11-
hexahydroxytriphenylene, Niz(HHTP), (Fig. 1a). The optimiz-
ation of the MOF film at the air-liquid interface includes a
crystallization time step at a specific ligand surface density
during the traditional compression process. In situ UV-vis
reflection and synchrotron X-ray fluorescence and grazing-inci-
dence diffraction measurements reveal that Ni;(HHTP), is
spontaneously formed at the air-liquid interface, but crystal-
line domains can only be detected after the additional crystal-
lization time, as opposed to a continuous barrier compression
process. The transferred Niz(HHTP), films are studied as
working electrodes in coin cell Li half-cell batteries, without
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adding any additive (a binder and electron conductor carbon)
and without using any other additional solvent (usually elec-
trode slurries are formed with N-methyl pyrrolidone). The CV
plots and XPS spectra before and after cycling reveal the oxi-
dation of Ni from +II to +IIT during Li" intercalation while the
negative charges are accumulated in the HHTP moieties.
Despite the similarity of Ni;(HHTP), with analogous MOFs,
such as Coz(HHTP),*® and Cus(HHTP),,>”*® the metal node
exhibits different redox behavior during lithiation processes.
Finally, galvanostatic plating-stripping cycles are performed
using as working electrodes bare copper and copper covered
with Niz(HHTP),. In the latter case, the incorporation of crys-
tallization time is the determining factor in enhancing the
coulombic efficiency of the Ni;(HHTP), covered copper,
especially in the first cycles revealing that it can act as a protec-
tive layer on the top of the battery anode. Beyond being a
useful tool to screen MOF-materials, the Langmuir technique
can be coupled to roll-to-roll technology, which will allow the
fabrication of large dimensions of protective layers on the top
of flexible substrates.>*

2. Experimental

2.1. MOF film synthesis and characterization

Niz(HHTP), was in situ synthesized at the air-liquid interface
using a Langmuir Teflon trough (NIMA, Model 720) with a
symmetrical double-barrier configuration and dimensions of
720 x 100 mm®. 1 mg of 2, 3, 6, 7, 10, 11-hexahydroxytripheny-
lene (HHTP, TCI > 95.0%) was first dissolved in 20.0 mL of
methanol (POCH Basic, 99.8%) and then 80.0 mL of chloro-
form (Fluka > 99.5%) was added under continuous stirring,
for a final concentration of 0.01 mg mL™'. HHTP solution was
spread on the aqueous subphase containing 5 mM of nickel
acetate (Ni(Ac),) (Sigma-Aldrich, ReagentPlus > 99.0%) and
10 mM of sodium acetate (NaAc) (Sigma-Aldrich, ReagentPlus
> 99.0%) dissolved in ultrapure Milli-Q water in the Langmuir
trough. This device registers the surface pressure vs. area (n-A)
isotherms at 20 + 1 °C during barrier compression movement
using a Wilhelmy balance with a filter paper plate. Surface
potential measurements were performed with a KSV Nima
Spot Surface Potential Sensor. Brewster angle microscopy
(BAM) images were recorded with a KSV Nima Micro BAM
using a red laser (50 mW, 659 nm) as a light source with a
fixed incidence angle of 53.1° and with a spatial resolution of
the optical system of 6 mm per pixel. UV-vis reflection spectra
were registered with a Nanofilm Technologie GmbH reflection
spectrometer. Grazing-incidence X-ray diffraction (GIXD)
in situ measurements at the air-liquid interface were per-
formed at the SIRIUS beamline of Synchrotron SOLEIL (Saint
Aubin, France), using an incident X-ray beam of 8 keV (4 =
0.155 nm), a beam size of 0.1 x 2.0 mm?” (V x H), and an inci-
dence angle of 2.0 mrad with the aqueous surface below the
total external reflection critical angle value of the air-liquid
interface (2.7 mrad at 8 keV). The detection set-up consisting
of a 2D PILATUS2 (Dectris, Switzerland) detector combined
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Fig. 1 (a) Surface pressure (r) vs. area per HHTP unit isotherms of the Langmuir films of HHTP on the water subphase (red), and HHTP on the Ni'"
subphase following the cc (blue) and cssc (black) compression protocols. Inset: scheme of the HHTP molecule and of the Langmuir film when the
subphase contains Ni'". Although the compression process starts at 3.2 nm? HHTP, the isotherms are represented from 2.1 nm? HHTP™* to show
clearly the differences in including the cation in the subphase and the compression protocol. (b) Portions of the X-ray fluorescence spectra of the
films formed by HHTP over the Ni"' aqueous subphase at 1.3 nm? HHTP™! (cc protocol, the blue line) and after 3 hours at 1.3 nm? HHTP ! (cssc pro-
tocol, the black line). The spectra of the Ni" subphase are shown as a full green line. The grey star indicates the detection of Cu which is present at
variable intensities in all spectra due to Cu in the experimental set-up. (c) Surface voltage (AV) vs. area per HHTP unit isotherms of the Langmuir
films of HHTP on the Ni(i) subphase following the cc (blue) and cssc (black) compression protocols. (d) Raw in situ GIXD data for the Ni(i1) subphase
(the green line) and for the film formed by HHTP over the Ni(i) aqueous subphase after 3 hours at a constant area = 1.3 nm? HHTP™ (cssc protocol,
black symbols). Red ticks indicate the calculated positions of the peaks for a 2D structural model of the Niz(HHTP), planes. The full grey line shows a
Lorentzian fit of the [30] reflection yielding g = 9.387 nm™. Inset: cssc protocol GIXD data for the different portions of the detectors as indicated,

showing the absence of modulation along q, and therefore pointing at a pure 2D film.

with a Soller collimator of 0.05 degree resolution was continu-
ously scanned over the in-plane 20 angle in order to record the
horizontal and vertical intensity distributions. Peak adjust-
ment was performed with the Q,-integrated intensity. Total
reflection X-ray fluorescence (TRXF) measurements were per-
formed simultaneously with GIXD with a one element silicon
drift detector (XFlash 430 M, Briiker, Germany) equipped with
a collimator and mounted at 30° with respect to the vertical
direction towards the X-ray source in order to reduce the
elastic peak that would otherwise saturate the detector.
Monolayers were prepared in a dedicated Langmuir trough
enclosed in a gas-tight chamber flushed by a water saturated
Helium gas flow to reduce gas scattering and to avoid the

7198 | Dalton Trans., 2023, 52, 7196-7207

damage of the monolayer by the beam. Temperature was kept
constant thanks to a water circulating bath at 20 + 1 °C.
Langmuir-Schaeffer (LS) films were fabricated in a Teflon
KSV-NIMA trough, model KN 2003 of dimensions 580 x
145 mm®. Different substrates were used in the function of the
characterization technique. The Quartz crystal was the sub-
strate for UV-vis characterization with a Varian Cary 50 Bio
spectrophotometer. Mica was selected for atomic force
microscopy (AFM) characterization. AFM images were obtained
with a commercial instrument (Multimode 5 Nanoscope 7.3,
Veeco) operated in tapping mode. Measurements were carried
out under ambient conditions with NSC15/AIBS silicon cantile-
vers (MikroMasch) at a 325 kHz nominal resonance frequency.

This journal is © The Royal Society of Chemistry 2023
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MOF mass deposited onto QCM substrates (5 MHz ATcut QCM
crystals from Stanford Research Systems) was determined
using a Stanford Research Systems (SRS) QCM200 system
equipped with a QCM25 crystal oscillator working at 5 MHz.
QCM crystals were placed in a O100RH Kynar crystal holder
before and after each film transfer, and the mass increases
were calculated from frequency changes using the Sauerbrey
equation, Af = —CrAm, where Af is the observed frequency
change, in Hz, C¢ is the sensitivity factor of the QCM crystal
provided by the manufacturer (0.0566 Hz cm” ng™ "), and Am is
the change in mass per unit area.

2.2. MOF tests in Li semi-batteries

The substrate to deposit the MOF was Cu foil (Alfa-Aesar
>99.9%). After MOF film deposition, the samples were dried
during 12 h at 60 °C under vacuum and cut into discs of 8 mm
in diameter (the electrode and separator disc cutting machine,
TOB). These discs were saved in an Ar glovebox and used as
electrodes in Li-ion batteries assembled in a half-cell configur-
ation, in which Li foil (Sigma-Aldrich, thickness 1.5 mm) was
used as the counter and reference electrodes. The electrolyte
was 1 M LiPFy ethylene : diethylene carbonate (EC:DEC 1:1,
Sigma-Aldrich) embedded in a glass microfiber (Whatmann
GF/C™). The Li-ion half-cell battery was crimped in a CR2032
coin cell with a hydraulic manual crimper (TMAX-JK-KF20-TC).

A M204 Autolab Methrom potentiostat/galvanostat was
used for galvanostatic and cyclic voltammetry characterization.
Galvanostatic plating/stripping cycles were performed at
0.15 mA cm ™ during 2 hours with cut-off limits of +0.6 V and
—0.6 V vs. Li/Li", except the first plating that was performed at
0.05 mAcm ™ for 6 hours to facilitate the formation of a more
stable solid electrolyte interface (SEI).

Pristine and cycled electrodes were characterized by X-ray
photoelectron spectroscopy (XPS) using an AXIS SupraTM ultra
DLD spectrometer from Kratos equipped with a monochro-
matic Al (Ka) X-ray source (1486.6 eV) using a pass energy of 20
eV. The photoelectron take-off angle was 90° with respect to
the sample plane. The XPS binding energies reported in this
work were referenced to the maximum of the C 1s peak at
284.6 eV.*° After battery cycling, the reference applied was the
same and the analysis was qualitative since the SEI was not
fully removed from the top of the sample. The data treatment
was performed using the CasaXPS software. For this study, a
Swagelok cell was used to open it inside the glovebox after
battery cycling and the samples were cleaned with ethylene
carbonate.

3. Results and characterization

3.1. Synthesis of Niz(HHTP); layers at the air-liquid interface
and on solid substrates by the Langmuir-Schaeffer (LS)
technique and transference process

Langmuir Niz(HHTP), films were synthesized by dropping the
HHTP solution over the aqueous solution containing Ni" as a
subphase in a Langmuir trough. Next, the compression

This journal is © The Royal Society of Chemistry 2023
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process proceeds following two different protocols: (i) typical
constant compression (cc) in which the compression of the
barriers is constant at 10 ecm® min~", and (ii) compression +
crystallization step + compression (cssc) in which the com-
pression of the barriers is first done at 10 cm® min™" from
3.2 nm> HHTP " to 1.3 nm® HHTP ', then stopped for 3 hours
at this constant area, and finally continued further at 10 cm?
min~" until collapse of the film.

The surface pressure-area isotherms (n-A4), Fig. 1a, show
that the Ni" cations present in the subphase produce more
expanded isotherms than those when the subphase is water,
suggesting the incorporation of the cations at the interface.
This is confirmed by the X-ray fluorescence spectra at the air-
water interface (Fig. 1b). The KL and KM bands of Ni at 7460
and 8260 eV increase dramatically when the HHTP molecules
are dispersed on the Ni" subphase, and the intensity hardly
varies during the compression process regardless of the proto-
col followed. Then, interfacial coordination reactions between
the building molecular units of the air-liquid interface and
the metal ions of the subphase are initiated spontaneously
after dispersion of the organic ligand onto the subphase, in
good agreement with the literature.”® However, the com-
pression protocol affects the n-A4 isotherm plots (Fig. 1a), with
the film being more expanded for the cssc protocol, which
also shows higher collapse pressure. This is likely due to the
inclusion of the crystallization step which shows an increase
in the structural order distance, producing crystals with larger
lateral domains. Another subtle observation is the decay of
surface pressure with time when barriers are stopped in the
cssc protocol (Fig. SI.11), which can be fitted to an exponential
equation of type & = myexp (—t/t;).>* The obtained value for ¢, is
~10600 s, which is in the order of those reported for the
rearrangement of nanoparticles®® and liquid crystal polymers*
at the air-liquid interface, and an order of magnitude larger
than the surface fluctuation damping when the barriers
change from mechanical compression to a steady state.

The effect of adding crystallization time during the com-
pression process is observed in the surface potential values,
AV, of the film. Fig. 1c shows similar AV isotherms from the
initial value of the compression up to 1.3 nm*> HHTP . Next,
an increase of ~50 mV occurs when the barriers stop at
1.3 nm® HHTP ™' in the cssc protocol, and again the same
shape is observed between 1.3 nm? and the final value of the
compression, but showing a difference of ~50 mV. The gain in
AV has been previously associated with an increase of ordered
domains as in polymer films,*® with the incorporation of water
molecules into the Langmuir film,*® or with an increase in the
contribution of the double layer, y°.*” In the current study, the
AV increase with time also follows first order kinetics, AV =
AVyexp (t/t'y) (Fig. SL2t), similar to the decay observed for =,
suggesting that domain upregulation and rearrangement are
the most plausible phenomena. This is in good concordance
with in situ grazing incidence synchrotron X-ray diffraction
(GIXD). Detectable diffraction is only observed in the later
stages of the 3 h crystallization time in the cssc protocol
(Fig. 1d). A relatively intense diffraction peak appears at

Dalton Trans., 2023, 52, 7196-7207 | 7199
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approximately ¢ = 9.4 nm™ ', corresponding to a Bragg bar,
with intensity at all g, (the inset in Fig. 1d), demonstrating the
2D character of the objects giving rise to the diffraction. In
addition, weaker diffraction is observed at ca. 19 nm™", with
intensity also detectable at all g,. Both GIXD peaks can reason-

Fig. 2 BAM images of the Langmuir film of Niz(HHTP), at different
areas per HHTP during the cssc compression process.

a)
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ably be attributed to the [30] and [60] reflections of a structural
model based on the Niz(HHTP), structure (Fig. SI.37), but
without intercalated hydrated molecules.*® Therefore, the crys-
tallization step aids the formation of (larger) crystalline
domains with respect to the typical cc compression protocol,
and these crystalline domains coalesce together upon
compression.

The BAM images (Fig. 2), recorded in the cssc compression
process, show the formation of domains of a few micrometers
at larger areas (1.1 nm*> HHTP™"). These domains coalesce
with decreasing surface area, forming worm-like domains and
empty spaces at 0.7 nm> HHTP™' where & starts to increase.
Upon further compression, lighter gray spots begin to appear
indicating the regions of increased thickness, while dark areas
(no molecular coating or very thin layer) are still observed at
0.5 nm? HHTP™'. At 0.4 nm? HHTP™', worm-like domains are
observed similar to those at 0.7 nm*> HHTP ' but brighter.
These images suggest that the Langmuir film consists of
regions formed by multilayer domains over thinner or bare
areas, rather than an appropriate monomolecular film at the
air-water interface. A second brightness increase in the BAM
images appears at 0.2 nm> HHTP™ ', where the n-A isotherm
shows film collapse.

The UV-vis reflection (AR) spectra of Niz(HHTP), at the air-
liquid interface during the cssc compression process (Fig. 3a)
show the characteristic strong absorption in the UV and blue
visible regions (below ~450 nm) corresponding to the m-n*
transition of the catecholate linking moieties.*>*° The second
peak reported for the HHTP-based MOFs containing different
metal nodes (Ni, Co and Cu) appears at 620 nm and is attribu-
ted to the ligand-to-metal charge transfer transition.>>*° This
peak shifts to longer wavelengths in the spectra of the MOF
formed at the air-liquid interface due to the highly polar
environment in the presence of the aqueous subphase.*®
However, the UV-vis reflection spectrum of the Langmuir film

b) — P
0.10 ‘e 4 o
(8] g
o .
= .
’5 8 2 P e
i g )
] e
g 0.054 06 5 4 6
2
o Transference
2
<
0.00 %
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(a) Reflection UV-vis spectra of Niz(HHTP), Langmuir films at different areas per HHTP during the compression process with the cssc proto-

col. (b) UV-vis absorption spectrum of the Nis(HHTP), LS film (4 transferences) transferred at 10 mN m™™. Inset: Mass density increase of the LS film

with the number of transference cycles at 10 mN m™.
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formed with the cc protocol differs significantly from this
description (Fig. SL4t), probably due to the formation of
smaller light-scattering domains. The characteristic UV-vis
spectrum of Ni;(HHTP), with the broad band of charge trans-
fer at ~600 nm is observed in the transferred film (Fig. 3b),
once the polar aqueous subphase is not present. This obser-
vation suggests that the film formed at the air-liquid interface,
which consists of Ni;(HHTP), crystalline domains, can be
transferred to a solid substrate without any appreciable change
in the film. In addition, the mass of the films after several
transfers was weighed with a QCM showing a linear increase
in mass with the number of cycles, passing through the origin.
This linear mass increase indicates that the films transferred
from the air-liquid interface to the substrate are homogeneous
when © is maintained at 10 mN m™" even though the films are
formed by coalescing crystalline domains. The XPS spectra of
the LS film formed on the Cu substrate (Fig. 7) show the
characteristic Ni;(HHTP), peaks,*'™** confirming that extended
Niz(HHTP), framework domains are formed. Further discus-
sion is performed in the next section.

The LS films of 1, 3 and 5 transference cycles were analyzed
by AFM microscopy (Fig. 4). A nearly full surface coverage com-
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posed of worm-like domains of about 1.5 nm height is already
observed after 1 transference cycle. This height is larger than a
monolayer thickness (~ 3.3 A)** and suggests the formation of
domains with 3-4 molecular Ni;(HHTP), planes lying parallel
to the surface. The worm-like structures are of a few nano-
meters in thickness and form larger circular domains of a few
micrometers, in good agreement with the film described at the
air-liquid interface. This structure is similar to other LS films
of MOFs.”® Despite the worm-like fine structure, a full surface
coverage is obtained after 3 transference cycles. In the film of
5 transferences, the worm-like fine structure is less clearly
observed, and new round domains of ~5 nm appear.

3.2. Study of the electrochemical response of Niz;(HHTP),
layers against Li metal

The preparation of Ni;(HHTP), electrodes was carried out
directly on a Cu foil substrate without the addition of any
binder or electronic conductor, performing 20 transference
cycles. Fig. 5 shows the AFM images of these electrodes. The
images show a complete coating of the substrate with small
defects and round domains with a diameter in the range of
100-200 nm and 2-6 nm in height. This type of rounded
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Fig. 4 AFM images and representative height profiles for Niz(HHTP), LS films with: (a) 1, (b) 3, and (c) 5 transferences from Langmuir films at 10 mN

m~! formed with the cssc protocol.

Fig. 5
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domain was already observed in the 5-transfer samples
(Fig. 4c), which reveals that this organization is the most preva-
lent after 5 transfers. While, the worm-like structure observed
in 1 and 3 transferences cannot be observed with clarity, prob-
ably because of the roughness of the surface. In this case, the
Cu substrate contributes to both the roughness of the sample
and the presence of defects, which can have a height of
~100 nm. The roughness and the presence of steps on the Cu
surface are observed on bare copper (Fig. SL5t), and are in
agreement with the literature.*®

The electrochemical response of the Ni;(HHTP), film with
lithium was recorded in an assembled coin cell. Fig. 6a shows
the CVs of the half-cell batteries when the working electrode is
a Niz;(HHTP), LS film (20 transferences, cssc protocol) on
copper foil and when it is bare copper. In the case of bare Cu,
the oxidation of Cu is observed above 3 V vs. Li/Li" which
returns in a loop in the cathodic direction that can be ascribed
to the oxidation of the substrate and its posterior solution.
This effect is efficiently avoided when the LS film covers the
Cu film. In the case of the LS film, the 3 CV cycles match indi-
cating the good reversibility of the electrochemical processes,
with two broad reduction/oxidation peaks centered at ~1.4 V
and ~0.5 V vs. Li/Li" in the cathodic sweep and their respective
anodic peaks at ~2.0 V and ~1.2 V. The broad peaks suggest a
gradual multipass insertion of Li, stabilized with the
reduction of the O atoms in the organic ligands*’ and by
electrostatic interaction with the n-electron cloud of the phenyl
rings.*® This behavior obeys a pseudocapacitive mechanism
described for MOFs in Li batteries,**! in which both redox
and electrostatic mechanisms are involved. Both contributions
can be differentiated from the power law relation i = av?, where
i is the measured current and v is the sweep speed at which
the CVs are obtained (Fig. SI.6T). The slope of the logv vs. log i
plot gives the b parameter, which has a value between b = 0.5
for the diffusion-dominant process (related to faradaic pro-
cesses) and b = 1 for the completely capacitive effect (related to
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double layer capacitance).’® Here the b-value in the range of
0.5-2 V is between 0.72 and 0.85 (Fig. SL.7%), which confirms
the pseudocapacitive mechanism. Fig. 6b shows the capacitive
contribution in the CV obtained at 0.5 mV s™', which rep-
resents a 33% contribution. After the CV cycles at different
sweep rates (0.1 mV s, 0.5 mV s, 1 mV s, 5 mV s,
10 mV s~', and 50 mV s '), other 3 cycles were performed at
0.1 mV s showing high reproducibility in the shape of the
plot at the beginning and at the end of the
measurement (Fig. SI.87). This result indicates that no signifi-
cant degradation process occurs in the MOF during battery
cycling.

The XPS spectra of the electrodes before and after being
cycled in a Li half-battery at 0.1 V vs. Li/Li" provide information
on changes in the oxidation state or chemical environment of
the Ni;(HHTP), components. The high resolution Ni 2p spec-
trum before cycling (Fig. 7a) shows two sets of peaks at 856.2
and 873.8 eV with their respective satellites, which correspond
to the 2ps,, and 2p,, levels, respectively, of the emission lines
of Ni'. Also, the 3p peaks of Ni" are observed at 68.6 eV and
76.5 eV (Fig. 7b). These spectra prove that only one type of Ni"
is present within the LS film when it is deposited.*' The 2p
peaks attributed to Ni' are significantly reduced in the cycled
sample, where two new peaks appear at 858.1 eV and 876.8 eV
related to 2ps;, and 2py, of Ni™. The same behavior is
observed in the high resolution spectrum of Ni 3p, a region in
which the 1s Li' band appears for the cycled sample.
Therefore, the intercalation of Li ions in the MOF presumably
induces the oxidation of Ni"" to Ni'" for the most part. The
high resolution C1s and O1s XPS spectra (Fig. SL.9t) show the
presence of traces of the SEI in the cycled samples; so it is not
possible to perform a quantitative analysis. Qualitatively, the
characteristic C1s and O1s bands described for the tripheny-
lene-based MOFs are observed in the uncycled samples.*?
Upon cycling, the bands become narrow indicating a preferen-
tial chemical environment of C and O, most likely due to a
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Fig. 6 (a) 3 CV cycles of a Li half-cell battery using bare Cu foil or Cu foil covered with a LS film of 20 transferences of Nis(HHTP), at 0.5 mV s, (b)

Percentage of capacitive response within the CV registered at 0.5 mV s,
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Fig. 7 High resolution XPS spectra of: (a) Ni 2p, and (b) Ni3p and Lils for the pristine Niz(HHTP), LS film (top) and after being cycled as electrodes in
a half-cell battery dissembled when the voltage was 0.1V vs. Li/Li* (bottom).

catecholate configuration® that accumulates the negative
charge upon cycling at 0.1 V vs. Li/Li".

Altogether, the XPS data suggest Ni oxidation that may
stabilize the negative charge accumulation on the ligand, and
may also explain the protection of the Cu foil from being oxi-
dized, as observed in Fig. 6a. Taking all this into account, the
electrochemical process we propose is:

NiY(HHTP),"™ + 3e” + 3Li" — LiiNi¥'(HHTP),"" (1)

This electrochemical behavior described for the
Niz(HHTP), film differs from those described for Cuz(HHTP),
and Coz(HHTP), MOFs cyclized in Li batteries. In the former
case, Cu is reduced from Cu" to Cu', while in the latter Co™
does not change its oxidation state.>**® Thus, in principle,
metal oxidation reduces the faradaic capacity of Ni;(HHTP),
compared to those of other triphenylene-based MOFs. In par-
ticular, the study of the Co,(HHTP); MOF?® reported a capacity
of 332 mA h g" at 0.1 A g™ vs. the value of 631 mA h g " at
0.2 A g~ for Cu,(HHTP);.>” However, it should be noted that
the final organization of the MOFs in the electrodes deter-
mines the final capacity, being less than 100 mA h g™* at 1C
for Cu,(HHTP);.>® Particularly, in the case of Ni;(HHTP),, the
capacitive contribution is significant, which could be favored
and stabilized by the higher negative charge on the organic
part. Noticeably, an important difference in our sample from
these reported studies is the thickness of the films, being an
order of magnitude smaller in the current study; so the effect
of the film thickness cannot be completely discarded in terms
of electrolyte embedding within the MOF that can facilitate Ni
oxidation or even the depth of the XPS analysis.

The potential of the Niz(HHTP), LS film as a protective
layer for various Li half-cell batteries has been studied with the
working electrodes: pristine copper (Cu) foil and LS films fab-
ricated with the cssc protocol (20 transferences) and cc proto-

This journal is © The Royal Society of Chemistry 2023

col (20 transferences). Fig. 8a shows the first galvanostatic
cycles of plating and stripping for the three semi-batteries.
During the Li plating process the Li* ions from the electrolyte
diffuse through the ultrathin MOF layer and are reduced to Li
metal at the top of the Cu collector. Theoretically, the
reduction should occur at 0 V vs. the Li/Li" reference, but it
occurs at a lower voltage which is the nucleation overpotential
(unuc); SO the peak indicates the onset of Li deposition.>* Next,
the plating process is controlled by mass transfer diffusion of
Li" ions through the deposited layer, which determines the
plateau potential (upi,).>* The first plating plot (at a lower
current density to facilitate the formation of a more stable SEI)
is very similar for the three semi-batteries with a upj, value of
~—13 mV and a py, value between —20 mV and —27 mV. After
this first cycle, the plating plot obtained at a higher current
density shows higher pnu. and pp, values due to the kinetic
effect. In the case of the cssc sample, the plating plots are
square in shape and with high reproducibility throughout the
first eleven cycles, although ), increases slightly after the oth
cycle. The two batteries fabricated with cc and Cu working
electrodes show similar behavior. In these samples, ppi, is
slightly larger than that in the cssc sample and the plating
plot loses the square shape: at the 10™ cycle it increases with
time instead of decreasing, and after the 11" cycle it first
increases and then decreases. The fact that the plating does
not occur in a plateau points that other effects besides the Li"
diffusion control the process, probably kinetic limitations or
the formation of channels. This effect is not observed for the
cssc sample (Fig. 8b), although an increase of overpotentials
occurs during the first cycles, followed by cycles that show
high reproducibility. On the other hand, the value of u is
similar in the three semi-batteries. These results suggest that
the Niz(HHTP), LS layer deposited using the cssc protocol aids
to the diffusion of Li* ions to the Cu substrate, but does not
produce any significant effect on the reduction of the nuclea-

Dalton Trans., 2023, 52, 7196-7207 | 7203
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Fig. 8 (a) Plating—stripping galvanostatic plots for the half-cell batteries fabricated with the working electrodes: Niz(HHTP), LS film fabricated with

the cssc and cc protocols on Cu foil, and bare Cu foil. For ease of comparison, the g, (~—28 mV) and ynuc (~—55 mV) points of the second cycle are
shaded in pink and blue for the cssc sample (elongated for the other cycles), and the same shading dimensions are superimposed on the plots
obtained for the cc and Cu semi-batteries. (b) Plating—stripping galvanostatic plots for the cssc sample half-cell battery along 80 plating—striping

cycles. (c) Coulombic efficiency (CE) of Li* plating/stripping processes along 80 cycles.

tion overpotential. However, when the Niz(HHTP), LS layer is
fabricated with the cc protocol, the positive effect of Li'
diffusion is not observed compared to the bare Cu substrate.

After the coating process, the stripping process begins at a
positive voltage plateau. At the end of the ordered process, a
rapid increase in the voltage is observed, due to an increase in
the resistance associated with contact loss and the change in
the open circuit voltage as the original Niz(HHTP),/Li cell is
modified. Coulombic efficiency (CE) can be, then, calculated
as a quantifiable indicator for the reversibility of plating/strip-
ping processes, in which the electrons from irreversible reac-
tions are also considered according to eqn (2):>°

_ Number of e~ from stripping Li* + Number of e~ from electrochemical reactions

tion in the secondary reactions probably because a more
ordered and stable SEI layer is formed. After these preliminary
cycles, the CE value increases to near 90% values for the cssc
and Cu half-cell batteries and to somewhat lower values for
the cc sample. This change in behavior can be attributed to
the transition between two different regimes with Li* ion
capacity loss:*® the first being due to the formation of the SEI,
and the second being due to the encapsulation of electroni-
cally isolated Li°. This transition is favored by the fact that the
fabricated half-cells provide an “unlimited” Li system because
the counter electrode is a metallic Li foil and the working elec-
trode (bare Cu or covered by a nanometer-thick film) is

(2)

~ Number of e~ from depositing Li™ + Number of e~ from electrochemical reactions

The calculated CE values (Fig. 8c) are lower and decrease in
the first 15 cycles from ~80% to ~50% for the sample cssc and
from ~60% to 20% for the Cu substrate and cc sample. The
lower CE values are related to the occurrence of irreversible
side reactions that take place during SEI formation, which may
be prolonged during the first 20 cycles. However, the cssc
sample is the one with a considerably higher CE value than
the other two samples, indicating a lower electrolyte consump-

7204 | Dalton Trans., 2023, 52, 7196-7207

“flooded” with the electrolyte; so that, despite the increase in
the system impedance due to SEI formation, the introduction
of the electrolyte is still sufficient to prevent battery termin-
ation.>® In this new regime, the first system to fail is the cc
sample, indicating that in this case the presence of the
Niz(HHTP), LS film without large 2D crystalline domains intro-
duces higher impedance than that obtained for the bare Cu
foil. While, the presence of larger crystalline domains in the

This journal is © The Royal Society of Chemistry 2023
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cssc sample shows scattered CE values after 50 cycles, in the
range between 89% and 95%, principally. Considering the two
contributions to the CE values, eqn (2), the higher values are
probably due to the release of electrons in the electrochemical
processes in the Niz(HHTP), film, electrochemically active
(eqn (1)), in contact with the SEI, since if it was due to an
increase in the reversibility of the delithiation process itself
one would expect a more homogeneous trend instead of such
scattered values. To sum up, the fabricated Niz(HHTP), LS
films are not very efficient as protective layers for batteries
without the anode, although the efficiency improves signifi-
cantly with the film order. This deficit is presumably due to
the ultra-thin nature of the fabricated films which are of a few
nanometers compared to those found in the literature which
are in the order of micrometers.”®*”>° However, the good
response in the first plating-stripping cycles and the higher CE
values observed for the Niz(HHTP), LS film fabricated with the
cssc protocol suggest that this film is promising as a protective
layer in anodes to form a stable SEI facilitating the Li"
diffusion.

4. Conclusions

This study describes the benefit of including an additional
crystallization time to enhance the 2D Niz(HHTP), crystalline
domain formation during the compression process at the air-
liquid interface. This simple modification of the Langmuir
technique provides a new parameter to control (crystallization
time) in the in situ formation of MOFs at the air-liquid inter-
face, which can enhance the extension of 2D domains and
facilitate the integration of ultrathin films in practical devices.
The electrochemical study of the Niz(HHTP), LS film in a Li
half-cell battery shows the oxidation of the Ni metal node from
+II to +III, which can stabilize the accumulation of negative
charge in the organic ligand besides protecting the Cu collec-
tor from oxidation. Related to the plating-stripping study, the
CE plot previews that the Niz3(HHTP), LS film fabricated with
the cssc protocol can reduce the side reactions related to the
SEI formation and facilitate the Li" diffusion through it, so it
can be used as a protective layer of anodes. Despite the fact
that under the current conditions it does not work properly as
a protective layer to reduce/avoid the formation of lithium den-
drites in anode-free batteries, the low amount of the material
used and the thickness of the ultrathin film are two relevant
properties that can be optimized by the Langmuir technique
for the design of future protective layers for anode-less lithium
or other metal batteries.

Beyond the results obtained, the fabrication of
Langmuir films of triphenylene-based MOFs provides a means
to customize advanced materials, both through the nature of
the metal ion node, with the Ni-based MOF having a
different redox electrochemical behavior from the Cu or Co
analogues, and the growth of 2D domains at the air-liquid
interface, controlled by both the area per ligand and the crys-
tallization time.

This journal is © The Royal Society of Chemistry 2023
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