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Abstract

Thin-film formation and transport properties of two copper-paddlewheel metal-organic framework 

(MOF) -based systems (MOF-14 and MOF-399) are investigated for their potential integration into 

electrochemical device architectures. Thin-film analogs of these two systems are fabricated by the 

sequential, alternating, solution-phase deposition of the inorganic and organic ligand precursors 

that result in conformal films via van der Merwe-like growth. Atomic force microscopy reveals 

smooth film morphologies with surface roughnesses determined by the underlying substrates and 

linear film growth of 1.4 and 2.2 nm per layer for the MOF-14 and MOF-399 systems, 

respectively. Electrochemical impedance spectroscopy is used to evaluate the electronic transport 

properties of the thin films, finding that the MOF-14 analog films demonstrate low electronic 

conductivity, while MOF-399 analog films are electronically insulating. The intrinsic porosities of 

these ultrathin MOF analog films are confirmed by cyclic voltammetry redox probe 

characterization using ferrocene. Larger peak currents are observed for MOF-399 analog films 

compared to MOF-14 analog films, which is consistent with the larger pores of MOF-399. The 

layer-by-layer deposition of these systems provides a promising route to incorporate MOFs as thin 

films with nanoscale thickness control and low surface roughness for electrochemical devices.
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Graphical Abstract

INTRODUCTION

Metal-organic frameworks (MOFs) are composed of metal ions (or clusters) and organic 

ligands coordinated to form porous one-, two-, or three-dimensional structures. The high 

surface areas of these materials has led to their extensive exploration for a variety of gas-

phase applications including storage.1 The porous structures are particularly relevant for 

electronic applications with MOFs as active or passive interfacial components as sensors2 or 

low-k dielectrics.3 Conductive MOFs can also be modulated by tailoring the internal 

chemical structure or by integration of analytes within the pores while nonconductive MOFs 

can serve as scaffolds for the transfer, separation, or storage of electroactive analytes without 

interfering with electronic transport.4,5

In electrochemical energy storage applications, MOFs have been used as electrode materials 

for supercapacitors and batteries via redox of their mixed valence metal centers6 or organic 

groups.7 The intrinsic porosity and the ability to tailor pore sizes of MOFs has led to their 

application as molecular separators in lithium-sulfur batteries to prevent polysulfide 

shuttling.8 These intriguing properties have most recently led to the exploration of MOFs as 

frameworks for pseudo-solid-state electrolytes. Anions from lithium salts bind to the metal 

ions in MOFs and form ionic channels for lithium ions, resulting in ionic conductivities as 

high as 10−4 S cm−1.9–11 While these values are only roughly equal to those of commercial 

separators,12 the higher lithium transference numbers observed in these pseudo-solid-state 

electrolytes due to the reduced anionic contribution portend to increased rate performance in 

electrochemical energy storage devices.10,11

The MOF-based pseudo-solid-state electrolytes are extremely promising for microscale 

electrochemical energy storage devices (e.g., thin-film batteries). The ability to harness 

liquid-phase kinetics without introducing difficulties in device packaging offers substantial 

improvements over traditional solid electrolytes such as LiPON (ionic conductivity ~10−6 S 

cm−1).13 However, the synthesis of MOFs through the spontaneous reaction of precursors in 

solution is unsuitable for microscale devices that require precise control over deposition area 
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and thickness. Additionally, the random growth of MOF crystallites on substrates may lead 

to disordered porosity and grain structure that can impede ion diffusion. This result is 

problematic in solid-state electrolytes as it can lead to uneven fluxes of lithium and the 

under-utilization of electrode materials.14

For integration into device architectures, surface-anchored metal-organic frameworks 

(SurMOFs) can be deposited directly onto electrodes.15–24 Metal-organic coordination offers 

control over the layer-by-layer (LbL) assembly of metal-organic multilayers with sequential 

deposition of metal and organic components on a functionalized surface, permitting the 

atomic control of film structure and composition.25–33 An advantage of this deposition 

technique is the ability to fabricate highly ordered films that can be preferentially oriented to 

facilitate ionic conduction. While the self-limiting nature of the LbL process enables precise 

control of films deposited directly on electrodes, the film quality is highly dependent on 

growth mechanism. The LbL deposition of most SurMOFs systems (e.g., HKUST-1, 

Cu2(F4bdc)2(dabco), and ZIF-8)15,18,23 is controlled by Volmer-Weber growth. This 

mechanism is reflected in the nucleation of isolated crystallites that lead to rough surfaces 

with respect to the substrate. Typically, it is not until several tens of rounds of LbL 

deposition or film thicknesses greater than 50 nm that coverage of the substrate with the 

granular film is complete. Conversely, the LbL deposition of SurMOF systems via van der 

Merwe growth, resulting in conformal film growth, is strongly desired for the direct 

integration of MOF thin films onto technologically relevant substrates or into device 

architectures such as electrodes for microscale energy storage devices.

Herein, the formation of ultrathin film analogs of MOF-14 and MOF-399 are demonstrated 

and shown to form mechanistically via van der Merwe-like growth with film roughnesses 

defined by the underlying substrates and tailorable film thickness at the nanoscale. The films 

are deposited on functionalized Au substrates, and the film morphologies and thicknesses 

are characterized by atomic force microscopy. Different substrates and self-assembled 

monolayers (SAMs) for anchoring the MOFs are investigated to test the hypothesized 

growth mechanism and to determine if film formation can be translated to other 

functionalized, technologically relevant substrates.34–37

The MOF-14 and MOF-399 structures are related to the iconic HKUST-1 system, as they are 

composed of copper-paddlewheel nodes with tritopic ligands (Figure S1). Since MOF-14 

and MOF-399 have larger organic linkers than HKUST-1, their pore sizes of 1.6 and 4.3 nm 

and unit cells of 2.7 nm and 6.8 nm, respectively, are larger. The density of MOF-399 at 0.13 

g cm−1 is also one of the lowest amongst MOF systems. MOF-14 has an interwoven pto 

topology that differs from the tbo topology observed for HKUST-1 and MOF-399.38

In this work, conformal ultrathin film analogs of MOF-14 and MOF-399 are studied with 

thicknesses between 5 and 40 nm, which are less than 10 unit cells. To elucidate the internal 

structures of these films, the porosities are evaluated by cyclic voltammetry utilizing redox 

probes in a manner similar to previous evaluation of HKUST-1 SurMOFs.39,40 We 

hypothesize that the larger pore sizes of MOF-14 and MOF-399 relative to HKUST-1 may 

result in higher ionic conductivities when used as frameworks for pseudo-solid-state 
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electrolytes. Toward this determination, we use electrochemical impedance spectroscopy to 

investigate electron transport in these films.

EXPERIMENTAL SECTION

Materials

1,3,5-tris(4-carboxyphenyl)benzene [BTB] (98%), 1,3,5-tris(4’carboxy[1,1᾿-biphenyl]-4-

yl)benzene [BBC] (95%), copper (II) acetate monohydrate, 16-mercaptohexadecanoic acid 

[MHDA] (90%), 11-mercapto-1-undecanol [MUD] (97%), 1-octadecanethiol [ODT] (98%), 

hydrochloric acid (ACS reagent, 37%), anhydrous propylene carbonate [PC], and anhydrous 

dimethyl sulfoxide [DMSO] are from Sigma Aldrich (St. Louis, MO). Absolute, anhydrous 

ethanol (200 proof, ACS/USP Grade) was obtained from Phamco-Aaper (Shelbyville, KY). 

These chemicals were used as received. Ferrocene (Fc, Sigma Aldrich) and 

tetrabutylammonium tetrafluoroborate (TBATFB, Sigma Aldrich) were dried at 120 °C 

under vacuum for 12 h prior to transferring to an Ar-filled glovebox (less than 1 ppm O2/

H2O). Silicon wafers with a 5 nm Ti adhesion layer and a 100 nm Au layer were obtained 

from Platypus Technologies (New Orleans, LA). Ge (100) wafers were obtained from MTI 

Corporation (Richmond, CA).

Thin Film Formation

Thin films based on the coordination of MOF-14 and MOF-399 were fabricated on a self-

assembled monolayer (SAM) -functionalized Au substrates using alternating, solution-phase 

depositions. The substrates were first immersed in a 1 mM MHDA ethanolic solution for 1 h 

to fabricate a SAM that anchors the MOF analog to the Au substrate. The substrates were 

removed from solution, rinsed thoroughly with ethanol, and dried under N2. An automated 

deposition system (Midas III-Plus Automated Slide Stainer) was used to deposit MOF 

components. The substrates were submerged for 30 min in a 1 mM ethanolic solution of 

Cu(C2H3O2)2. Then, the substrates were submerged in a 0.1 mM ethanolic solution of BBC 

or BTB for 1 h. After the deposition of each inorganic and organic component, the substrates 

were agitated in pure ethanol for 5 min, after which they were dried at 30 °C for 10 min. 

This process was repeated for the desired number of deposition cycles. Prior to 

electrochemical characterization, MOF-14- and MOF-399-based samples were dried using a 

Schlenk line at 130 °C and 10−2 Torr for at least 2 h to remove any residual solvent or 

ambient water.

Monolayer Deposition on Ge

For samples synthesized on Ge substrates, a different SAM preparation was used as reported 

in the literature.41 To remove the oxide layer from the Ge surface, samples were submerged 

in DI water for 1 min and dried under N2. A 1:1 solution of ethanol in water was used to 

make a 0.5 mM MHDA solution. The Ge substrate was then immersed in the solution for 1 

hour, dried under N2, and placed on the deposition system for the desired number of layers 

as described above.
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Atomic Force Microscopy (AFM)

A Dimension Icon Atomic Force Microscope (Bruker, Santa Barbara, CA) operating in peak 

force tapping mode was used to obtain a minimum of two 500 nm images (512 × 512 pixels) 

per sample. Etched SiN tips, SCANASYST-AIR (Bruker, Santa Barbara, CA), with spring 

constants of 0.2–0.8 N m−1 and resonant frequencies of 45–95 kHz were used. Scan 

parameters were as follows: 1 Hz scan rate, 12 μm z-range, 250–370 mV amplitude setpoint, 

and 100–450 mV drive amplitude. Using the NanoScope Analysis software (Bruker, Santa 

Barbara, CA), all 500 nm images were plane fitted and the color scale was set uniformly to 

be 10 nm. Nanoscope Analysis software (Bruker) was used to analyze the images and 

determine the surface roughness, Rq.

Infrared Spectroscopy (IR)

A Nicolet iS50 instrument (Thermo Scientific) was used to collect IR spectra from 

3800−600 cm−1 in ATR (Attenuated Total Reflectance). Spectra were collected at a 

resolution of 4 cm−1 over a set of 64 scans and a bare Au substrate was used for background 

subtraction.

Ellipsometry

A variable angle discreet wavelength ellipsometer (PHE-101 VADE, Angstrom Advanced, 

Braintree, MA) was used for routine characterization of the films. Data were acquired for 

each sample over a minimum of six spots at a wavelength of 632.8 nm and a fixed angle of 

70°.

Film Thickness

To determine film thickness, an area of the film was etched to provide a step edge for 

characterization of the film height relative to the substrate as measured by AFM. A region of 

the film was masked with cellulose tape and the entire sample was submerged for 1 min in 1 

M HCl. Upon removal from the etchant, the sample was rinsed with water and ethanol 

before drying under N2. After removal of the tape, etched and masked regions of the 

substrate were characterized using ellipsometry. Comparison of ellipsometry measurements 

before and after etching confirmed the removal of the film from the exposed region and 

showed that the masked region of the film remained unaffected. AFM images were collected 

at the step edge of the film created by the etch for a minimum of three regions per samples 

for two different deposition batches. Nanoscope Analysis software (Bruker) was used to 

calculate the film thickness from the average heights of the film and substrate regions where 

the film was removed.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectra were recorded with a Kratos Axis Ultra using a monochromatic 

Al X-ray source to probe the surface of the sample and to determine the presence and 

valence of Cu in the films. Peak calibration was performed using the adventitious carbon 

peak. Analysis was performed before and after 10 nm Ar etching.
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Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectra were measured using a Solartron 1252A 1252A 

Frequency Response Analyzer and 1287A Potentiostat Galvanostat. Measurements were 

recorded from 100 kHz to 100 Hz using a 10 mV RMS potential with zero bias from the 

open circuit potential. Electrical contact to the film was made via a clip to the Au substrate 

and a hanging mercury drop electrode [HMDE] in direct contact to the film.42 Impedance 

spectra of the MOF-14 analog film were fit to an equivalent circuit using ZView software 

(Scribner) in order to calculate the electronic conductivity of the material. Error bars were 

calculated using a range of HMDE contact areas (from 1–3 mm in diameter) that can vary 

depending on the distance between the HMDE and the sample.

Cyclic voltammetry

Electrochemical porosity was determined in three-electrode cells in an Ar-filled glove box 

using a Bio-Logic VMP-3 potentiostat. Platinum electrodes were used as counter and quasi-

reference electrodes. A solution of 10 mM Fc|100 mM TBATFB in PC was used as the 

redox probe electrolyte. Cyclic voltammetry was performed at a sweep rate of 10 mV s−1 

from -0.4 to 0.8 V vs the quasi-reference electrode (±0.6 V from the oxidation potential of 

Fc determined by calibration using a bare Au substrate).

RESULTS AND DISCUSSION

Characterization of Film Growth Mechanism

To elucidate the film growth mechanisms for MOF-14 and MOF-399 analogs, films were 

deposited onto carboxylic-acid-terminated SAMs on Au substrates. Samples were 

characterized by AFM and IR spectroscopy after every four deposition cycles of the MOF 

components. Atomic force microscopy was used to characterize film morphology, 

roughness, and thickness. Infrared spectroscopy was used to test film deposition and 

chemical composition. To explore the film growth, the deposition was studied on hydroxyl- 

and methyl-terminated SAMs on Au substrates as well as on carboxylic-acid-terminated Ge 

substrates. To explore the film growth, the deposition was studied on hydroxyl- and methyl-

terminated SAMs on Au substrates as well as on carboxylic-acid-terminated Ge substrates.

The MOF analog films were anchored on thermally deposited Au substrates, which have a 

“cobblestone-like” grain structure (50–100 nm diameter) and roughness (Rq) of 1.5 nm 

(Figure S2). After four layers of deposition, the underlying Au cobblestone structure was 

observed with overlying smaller bulbous features from the film (Figure 1). The presence of 

the Au grain structure after film deposition indicates that the resulting film is conformal with 

the underlying substrate structure. Over an increasing number of deposition cycles, the AFM 

images continue to show similar morphological structures, but the underlying cobblestone 

features become less prominent. Note that the lessening of the cobblestone features occurs 

sooner for the MOF-399-based film, as expected, due to the larger size of the BBC linker for 

the MOF-399 system compared to the BTB linker for the MOF-14 system.

To test if the changes in morphological features are correlated to film deposition, IR 

spectroscopy (Figure 2) was performed after every four deposition cycles. Linear increases 
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in the IR peak areas were observed with increasing numbers of deposition cycles, 

confirming the deposition of additional material. This result indicates that the film continues 

to conform to the substrate and produces the consistent morphological features observed via 

AFM.

The morphological features observed via AFM and the increase in signal in the IR 

spectroscopic data support a van der Merwe-like growth mechanism for the film, layer-by-

layer film growth with the alternating, solution-phase deposition. To investigate film 

formation quantitatively, the physical thickness of the film was determined by selectively 

etching a region of the film and then performing AFM at step edges (Figure S3). The film 

thicknesses and standard deviations are plotted in Figure 3a for multiple samples from 

different deposition batches. For both systems, highly linear film growth is observed, and 

linear fitting yields R2 values of 0.9981 and 0.9992 for the deposition of MOF-14 and 

MOF-399 chemistries, respectively. Notably, the MOF-399 analog, with its larger organic 

linker, increases 2.2 nm per layer while the MOF-14 analog increases 1.4 nm per layer. 

These results are consistent with van der Merwe-like growth and demonstrate that 

nanometer-scale control of film thickness is possible. Additionally, roughness (Rq) 

measurements for all films are reproducibly low and consistent with the roughness of the 

underlying Au substrates (Figure 3b).

The growth mechanism observed for MOF-14 and MOF-399 is different than what is 

observed for the related copper-paddlewheel HKUST-1 system. Under identical deposition 

conditions, HKUST-1 was found to grow via Volmer-Weber growth in which the nucleation 

and growth of isolated crystallites are independent of the underlying Au substrate 

morphology. While it was expected that the copper-paddlewheel node present in all three 

systems determines the mechanism of film growth, this result was not observed. 

Additionally, the different crystal topology of HKUST-1 and MOF-399 versus MOF-14 (tbo 

vs pto) does not differentiate the mechanism of film formation. We attribute the different 

solubilities of the organic ligands in the ethanolic deposition solutions as the likely 

determining factor. The organic ligands are decreasingly soluble from HKUST-1 to MOF-14 

to MOF-399 due to increased π-π stacking. In the case of the HKUST-1, the small organic 

linker favorably interacts with both the substrate and solvent, enabling the interplay between 

binding and solvation needed to create crystallite islands. In the case of MOF-14 and 

MOF-399 systems, low solubilities favor surface binding and limit reorganization of the 

organic linkers at the substrate-solvent interface. Surface binding of the organic ligands 

continues across the substrate until coordination with the copper paddlewheel nodes are 

saturated. This process is repeated after immersion of the films in the solution of metal ions 

to introduce additional surface sites leading to conformal films through the LbL, van der 

Merwe-like growth mechanism.

Note that both MOF-14 and MOF-143 are composed of the same inorganic and organic 

components. Interpenetration of the network is observed in MOF-14, resulting in increased 

density and decreased pore size relative to MOF-143 (Figure S1c,d). MOF-14 is more 

commonly observed than MOF-143 because MOF-143 is only formed under careful control 

of concentration and conditions.38 The differences observed with electrochemical 
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characterization, including the presence of electronic conductivity (vide infra), also suggest 

coordination resembling that of the MOF-14 system.

To further investigate the growth mechanism of MOF-14- and MOF-399-based films, both 

systems were deposited on hydroxyl-terminated and methyl-terminated SAMs on Au 

substrates. Film growth consistent with that of the carboxylic-acid-terminated SAMs shown 

in Figure 1 was observed for the hydroxyl-terminated MUD SAMs (Figure 4a and 4b), but 

not for the methyl-terminated ODT SAMs (Figure S4). The importance of the functional 

group in anchoring the films to the substrate is consistent with the role of the functional 

group observed in the binding of the HKUST-1 system.18 The differences in the film growth 

observed on the carboxyl- and hydroxyl-terminated SAMs compared to the methyl-

terminated SAM confirms that the film deposition described in this study is due to the 

complexation of copper ions with the hydrophilic carboxyl and hydroxyl groups. The 

differences in film growth on the methyl-terminated SAMs suggest that film formation for 

the MOF-14 and MOF-399 analogs is not due to the non-specific physisorption of the 

organic molecules.

Additionally, the film formation of MOF-14 and MOF-399 analogs on Ge(100) substrates 

was studied utilizing SAM deposition for functionalized alkanethiols that eliminates the 

native oxide while the anchoring layer is assembled.41 Oxide formation has hindered the 

incorporation of Ge into device architectures, yet the development of surface passivation 

methods enables the functionalization of the interface for relevant applications.41,43,44 

Atomic force microscopy measurements for these MOF films on Ge (Figure 4c and 4d) 

revealed the same small bulbous features as observed for the films on Au. These results 

further support that the small morphological features are intrinsic to the films as they are 

also observed atop the larger cobblestone structures for the Au substrate. Additionally, the 

film roughness below 1 nm observed for the MOF-based films on Ge substrates highlights 

the smooth, conformal nature of these ultrathin films. These data also demonstrate that these 

films can be translated to technologically relevant substrates for a multitude of uses (i.e., Ge 

can be used in semiconductor and electrochemical energy storage applications).45,46 The 

ability to control the deposition of SurMOF thin films precisely is particular promising for 

thin-film batteries in which the thickness of the solid electrolyte can be up to 20 times the 

thickness of the alloying anode (e.g., 1 μm compared to 50 nm of Sn, Si, Ge, etc.) and can be 

a limiting factor in the energy density of the device.47 The constraint of the active material 

films by the current collector48 can also help to ensure that the ultrathin MOF analog films 

remain anchored to the material during electrochemical cycling.

Thin-film characterization reveals well-behaved smooth and conformal films assembled 

from MOF inorganic and organic components utilizing alternating solution-phase deposition 

methods. The resulting films have film thicknesses that can be controlled at the nanoscale, 

generating 1.4 nm and 2.2 nm of film per deposition cycle for the MOF-14- and MOF-399-

based systems, respectively. For perspective, MOF-14 and MOF-399 have cubic lattice 

parameters of 2.7 nm and 6.8 nm, respectively.38 It is hypothesized that each deposition 

cycle in the MOF-14-based system produces one-half a unit cell and each deposition cycle in 

the MOF-399-based system produces one-third of a unit cell (Figure S5). The increases in 

film thickness per deposition cycle correlate with the dimensions of the respective tritopic 
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ligands. The BTB ligand in the MOF-14 system has a triangular edge of 1.3 nm and the BTC 

ligand in the MOF-399 system has an edge length of 2.1 nm.

However, the internal structure and long-range periodicity of these films is difficult to probe, 

as after 16 deposition cycles, the resulting films are 20.9 ± 1.1 nm and 34.5 ± 1.9 nm thick 

for the MOF-14- and MOF-399-based systems, respectively. Based on the unit cells 

dimension for MOF-14 and MOF-399 (2.7 nm and 6.8 nm),38 even the thickest films are 

only 7 or 5 unit cells in thickness, respectively. At this thickness scale, characterization by 

traditional laboratory X-ray diffraction techniques is not feasible (confirmed experimentally, 

data not shown) and crystal structure characterization will require specialized techniques 

involving synchrotron radiation sources.

Thus, to investigate the porosity of these films and preliminarily demonstrate their viability 

as frameworks for pseudo-solid-state electrolytes, electrochemical impedance spectroscopy 

and cyclic voltammetry using a redox probe electrolyte were performed.

Electrochemical Characterization

Low electronic conductivities and large porosities are desirable qualities for MOF films as 

pseudo-solid-state electrolytes in microscale electrochemical energy storage devices. 

Electronically insulating frameworks minimize leakage currents through the pseudo-solid-

state electrolyte, resulting in minimal self-discharge of devices. Meanwhile, a large free-

volume maximizes the amount of liquid electrolyte accommodated in the framework, 

resulting in large ionic conductivities. We used electrochemical impedance spectroscopy and 

redox probe characterization to determine the electronic transport properties and porosity, 

respectively, in these MOF-14- and MOF-399-based films.

To assess the viability of using these films as pseudo-solid-state electrolytes, the electronic 

transport properties of the materials were characterized using EIS. Impedance spectra of 

MOF-14 and MOF-399 analog films, representative of the average shape and impedance 

values of several spectra, are shown in Figure 5a and 5b. The Nyquist plot of the MOF-14 

analog film impedance shows semi-circular behavior characteristic of transport phenomena, 

while the MOF-399 analog film behaves like an insulating dielectric material. Impedance 

spectra for these samples were generally consistent across multiple positions of the films 

sampled using the HMDE.

Based on previous reports investigating the electron transport of HKUST-1, MOF-14 is 

expected to be an electronic insulator49,50 and modest proton conductor (on the order of 1 μS 

cm−1).50,51 Heat treatment of our ultrathin MOF analog samples to remove residual water 

prior to electrochemical characterization is known to reduce the likelihood of proton 

conduction in these films. The removal of water by heating the MOF-14-based films was 

confirmed by FTIR (Figure S6). However, the transport phenomena persisted in these 

samples, and it is hypothesized that the measured impedance is electronic conduction in the 

MOF-14 analog films.

HMDEs have been demonstrated to make robust electrical contact to polymer films52 and 

MOFs40 without introducing large contact resistances. The magnitudes of the measured 
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resistances also exclude the possibility of electronic shorting of the HMDE to the current 

collector through defects in the MOF analog films as this would result in low resistances <1 

Ω (Figure S7). These nanoscale thick MOF-14 and MOF-399 analog films have detectable 

electronic conductivities within the limits of the instruments. The impedance spectra from 

multiple EIS measurements (Figure S8) were fit to the equivalent circuit shown in Figure 5 

(inset) and the average parallel resistance was used to calculate an electronic conductivity of 

2.9±2.8 × 10−8 S cm−1 for 8L MOF-14 analog film (~10 nm in thickness).

To test this hypothesis of electronic conduction in MOF-14-based films, samples were 

exposed to DMSO vapor under vacuum after heat treatment. DMSO has a strong affinity for 

copper metal ions compared to water or ethanol53,54 and is expected to displace any residual 

water that, while unlikely, may remain in the film after heating. It was found that the 

electronic conductivity of the MOF-14 analog films after DMSO treatment does not change 

(2.9±2.9 × 10−8 S cm−1) (Figure S9).

Most MOFs, with the notable exception of frameworks that utilize “through bond” or 

“through space” strategies to improve electronic conductivity, are wide band gap insulators.
4,5 As in HKUST-1, the porosity of MOFs leads to highly localized orbitals and the absence 

of charge delocalization.55 Thus, electronic conduction is likely to occur through electron 

hopping rather than band transport. The incorporation of redox-active molecules into the 

porous structure can enhance conduction through this mechanism by increasing the number 

of hopping sites.51 Electron hopping through redox mediation has also been identified as the 

mechanism of conduction in MOFs containing metalloporphyrins56 as well as in semi-

conducting ceramics57 and glasses.58 The RC time constant for electron hopping in MOF-14 

from EIS is ~10−3 s and agrees well with values reported for these materials (10−3-10−5 s).
59,60

For ultrathin films based on MOF-14 and MOF-399 chemistries, the Cu+/2+ metal sites are 

hypothesized to undergo oxidation/reduction enabling electronic conduction in the samples, 

and XPS (Figure S10) indicates the presence of both Cu+ and Cu2+ in MOF-399 analog 

films. The presence of Cu+ and Cu2+ is also expected in MOF-14-based samples due to the 

use of identical synthesis methods. While the presence of electronic conductivity in the 

MOF-14-based film is somewhat unexpected, the dielectric behavior of MOF-399 is not. 

Unfortunately, accurate DC measurement of the electronic conductivity of MOF-399-based 

film proved difficult due to high resistance and low signal-to-noise ratios. However, the large 

pore sizes in MOF-399 equate to increased distances between hopping sites and should 

result in more tortuous pathways for electronic conduction. The different topologies of 

MOF-14 and MOF-399 (Figure S1) may also be a factor in the contrasting electrical 

behaviors of these materials as the high Cu+/2+ density in the interwoven pto structure of the 

related MOF-14 structure may make electron hopping more facile in the MOF-14 analogs 

studied here.

Using MOFs for pseudo-solid-state electrolyte applications requires sufficiently large pores 

to accommodate the diffusion of ions and their respective solvation shells. While HKUST-1 

(1.1 nm pore diameters) demonstrated suitable ionic conductivity ~4 × 10−4 S cm−1 at room 

temperature, the confinement of lithium ions resulted in high activation energies ~0.18 eV 
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(compared to 0.10 eV for liquid electrolytes).10 Larger pores are thus expected to allow a 

more complete solvation of ions and thereby to reduce the confinement effect.

Electrochemical characterization of MOF-14 and MOF-399 analog film samples in a redox 

probe electrolyte was used to demonstrate the intrinsic porosity of the films due to the 

difficulty of nitrogen sorption measurements on this nanoscale amount of film material. The 

presence of redox currents provides qualitative evidence that redox molecules are able to 

diffuse through the film to the surface of the Au current collector and undergo oxidation/

reduction. Similar studies have used ferrocene loaded via the vapor phase to demonstrate the 

porosity of MOFs using electrochemical,39 electrical,40 or physical characterization 

techniques.61 Prior to the porosity characterization of MOF-14 and MOF-399 analog films, 

cyclic voltammetry of the bare Au current collector in the 10 mM Fc|100 mM TBATFB PC 

was used to characterize the Fc electrolyte. Measurements were performed from −0.4 to 0.8 

V vs Pt using sweep rates from 1 to 50 mV s−1 (Figure S11). The calculated diffusion 

coefficient of Fc of 1.6 × 10−6 cm2 s−1 agrees well with reported literature values62 and is 

consistent with a solvation shell diameter of 1.1 nm (see Supporting Information for details).

Cyclic voltammetry of MOF-14-based films (Figure 6a) displayed increases in current on 

the anodic sweep starting at the oxidation potential of Fc (0.2 V vs Pt as measured using 

bare Au substrates). The sigmoidal voltammograms for MOF-14 analog films are indicative 

of convergent diffusion and are consistent with computational models for electrodes covered 

with an electroinactive film of uniform porosity.63 This result suggests that the redox of Fc 

occurs at small, widely spaced regions of Au current collector consistent with an array of 

microelectrodes.64,65 This condition is satisfied by the templated nature and intrinsic 

porosity of the SurMOF, with MOF-14 having a pore size (1.6 nm),38 slightly larger than the 

calculated solvation shell of Fc. The observation of sigmoidal voltammograms also suggests 

that Fc redox facilitated by the electronic conduction in MOF-14 analog films is negligible, 

as it would lead to the presence of redox peaks. The use of a redox probe electrolyte thus 

offers qualitative evidence of porosity in MOF-14-based films.

Cyclic voltammetry of MOF-399-based samples (Figure 6b) displayed similar behavior to 

MOF-14 analog samples with the onset of the increase in anodic current consistent with the 

oxidation potential of Fc. However, the voltammogram of the MOF-399 analog 8L thin film 

is notably different due to the presence of redox peaks. The shape of the voltammograms for 

a given sweep rate is heavily dependent on the radius and length of the pores in the 

electroinactive film.63 The large poreradius of MOF-399 (4.3 nm)38 relative to the thickness 

of the film for the MOF-399 analog 8L thin-film sample leads to the observation of redox 

peaks, which are indicative of planar diffusion to a macroelectrode. The increased pore 

lengths (and thus diffusion layer thicknesses) in the thicker MOF-399 analog 12L and 16L 

thin-film samples leads to the observation of sigmoidal voltammograms indicative of 

convergent diffusion, as observed in the MOF-14-based samples.

SAMs of alkanethiols are typically dense enough to suppress the redox reactions of probe 

molecules in solution.64,65 However, previous work has shown that the complexation of 

carboxylic acid functional moieties of alkanethiols by Cu2+ (as in the synthesis of the MOF 

analogs using MHDA) can lead to significant decreases in the densities of the underlying 
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SAM.66 We hypothesize that this effect allows Fc to reach the surface of the current 

collector and undergo redox reactions. Similar electrochemical signals have been observed 

in the characterization of other surface-anchored MOF films with underlying MHDA SAMs 

using solution-based redox systems.39 Differences in the redox probe molecule, solvent of 

the redox system, and terminal group of the alkanethiol may also contribute to the observed 

redox activity through an enhanced chemical selectivity of the redox probe by the SAM.64,65

It is unlikely that macroscopic defects are responsible for the redox currents observed in the 

MOF analog films. The AFM measurements do not show the presence of macroscopic or 

microscopic defects, such as pinholes or cracks, and the MOF films do not show redox peaks 

at the formal potential of Fc (~0.2 V vs Pt). In the case of the MOF-399 analog 8L thin-film 

sample, the presence of redox peaks does not indicate the presence of macroscopic or 

microscopic defects. The separation of the redox peaks for the MOF-399 analog 8L thin-film 

sample (~0.55 V) does not match the separation measured with the bare Au substrate (~0.2 

V) as would be expected for a bare current collector. The peak currents measured are also 

not proportional to the square-root of the sweep rate as predicted by the Randles-Sevcik 

equation (Figure S12), indicating that the Fc redox observed is not due to planar diffusion to 

macroelectrodes or macroscopic or microscopic defects.64 The approximately steady-state 

value observed at higher sweep rates is consistent with a transition from planar to convergent 

diffusion as predicted from computational modeling.63 This observation indicates that the 

currents are the result of redox reactions at microelectrodes that arise from the templated 

nature and intrinsic porosity of the MOF analog films.

The asymmetry observed in the voltammograms for MOF-14- and MOF-399-based samples 

across all thicknesses (including the large currents that are observed as the electrode 

approaches the upper voltage limit of 0.8 V) is attributed to neutral molecules approaching 

the electrode surfaces more closely than charged molecules. This difference enables stronger 

electronic overlap with the electrode, resulting in higher measured currents. Similar 

screening and asymmetry for Fc redox in cyclic voltammetry was observed for HKUST-1.39 

The MOF-14- and MOF-399-based samples also show decreasing currents with increasing 

MOF thickness at the oxidation potential of Fc (Figures S13 and S14). Peak currents of 8.5, 

3.9, and 3.3 μA were measured for MOF-14 analog 8L, 12L, and 16L thin-film samples, 

respectively. Similarly, peak currents of 19.3, 8.9, and 6.4 μA were measured for MOF-399 

analog 8L, 12L, and 16L thin-film samples, respectively. These values are tabulated in Table 

S1 for ease of comparison. The decrease observed in the peak currents with increasing film 

thickness is consistent with computational models that predict that the steady-state redox 

current is inversely proportional to the pore length for a given pore radius.63

The demonstrated porosity of these ultrathin MOF analog films is promising for their 

potential application as frameworks for pseudo-solid-state electrolytes. The larger redox 

currents observed for the MOF-399-based samples indicate that transport is more facile in 

the larger pores of the framework compared to MOF-14-based samples. This difference 

promises increased ionic conductivities and reduced activation energies for conduction 

compared to other MOF-based pseudo-solid-state electrolytes. Most importantly, the 

increased porosity of MOF-399 analog thin-film samples results in the elimination of 

electronic conduction in the thin films, which is critical for pseudo-solid-state electrolyte 
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applications. While MOF-14-based films are unsuitable for electrochemical energy storage 

applications due to the presence of electronic conduction, the potential for infiltrating redox-

active guest molecules such as 7,7,8,8-tetracyanoquinododimethane (TCNQ) to augment 

their conductivity may be useful in electronic devices.51

CONCLUSIONS AND PROSPECTS

Conformal ultrathin films based on MOF-14 and MOF-399 chemistries were fabricated via 

sequential, alternating, solution-phase deposition of the inorganic and organic components. 

On carboxylic-acid-functionalized Au substrates, these films were conformal and had low 

surface roughnesses of ~1.5 nm, on par with that of the Au substrates. Linear film growth 

was observed from the LbL deposition and deposition rates of 1.4 nm and 2.2 nm per layer 

were observed for the MOF-14 and MOF-399 systems, respectively. van der Merwe-like 

growth for the films was observed, in contrast to Volmer Weber growth found for the related 

copper-paddlewheel HKUST-1 system. This difference was likely due to the lower 

solubilities of the MOF-14 and MOF-399 organic linkers in the ethanolic deposition 

solutions that promotes surface-binding at the substrate-solvent interface. This mechanism 

was confirmed by comparable film formation on carboxylic-acid-functionalized Ge 

substrates and hydroxyl-functionalized Au substrates; as well as by the lack of film 

formation on the methyl-functionalized Au substrates.

Electrochemical impedance spectroscopy was performed to assess the viability of using 

MOF analog films as pseudo-solid-state electrolytes in microscale electrochemical energy 

storage devices. Nyquist plots of impedance spectra of MOF-14-based films were 

semicircular indicating transport phenomena (2.9 × 10−8 S cm−1 for a ~10 nm film). This 

impedance feature was retained after treatment with DMSO suggesting that it was 

electronic, rather than protonic, via electron hopping between Cu+/2+ sites. Conversely, 

MOF-399-based films showed purely dielectric behavior presumably due to the increased 

hopping distances due to the increased size of the organic linker. The increased tortuosity of 

electronic conduction pathways due to topological differences between MOF-14 and 

MOF-399 may also contribute to the differences observed using EIS.

The intrinsic porosity of the MOF analog films was demonstrated by cyclic voltammetry 

using redox probe characterization. The pores of the MOF-based films allowed Fc to diffuse 

to the Au substrate (current collector) and undergo redox reactions. Higher peak currents 

were observed for MOF-399 compared to MOF-14 analog films with the same number of 

deposition cycles due to the larger pore sizes of MOF-399 (e.g., 8.5 and 19.3 μA for 

MOF-14 and MOF-399 8L samples, respectively). The observed redox reactions for Fc were 

not due to macroscopic or microscopic defects as large peak separation were observed 

(~0.55 V for MOF samples vs. 0.2 V for bare Au substrates). The dependence of the current 

on the sweep-rate in these measurements also deviated from what is predicted by the 

Randles-Sevcik equation. Asymmetry in the cyclic voltammograms due to screening of 

charged molecules is also consistent with the diffusion of Fc through the film pores. Future 

research will investigate the internal structure of these ultrathin conformal films using 

glancing angle synchrotron X-ray diffraction to determine crystallinity and to study the 

porosity indicated by the cyclic voltammetry measurements.
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Layer-by-layer deposition of these MOF analog films offers the control required to produce 

uniform films with nanoscale control of thicknesses for integration into electrochemical 

device architectures. The MOF-399-based films are promising for pseudo-solid-state 

electrolyte applications in microscale electrochemical energy storage devices. The lack of 

electronic conductivity impedes the leakage of electrons through the pseudo-solid-state 

electrolyte in devices, while the large porosity of the film suggests that a greater amount of 

liquid electrolyte can be incorporated into the film, maximizing the ionic conductivity and 

lowering the activation energy required for conduction. The MOF-14-based films could 

serve as tunable active electronic components by accommodating redox-active guest 

molecules within the demonstrated porosity to augment the intrinsic electronic conduction of 

the material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Representative atomic force microscopy images (500 nm × 500 nm) showing film growth for 

(a-d) MOF-14 and (e-h) MOF-399-based films anchored to Au substrates via a carboxylic 

acid-terminated self-assembled monolayers. Images were collected after every 4 layers of 

deposition (as indicated above the images). Below each image, the corresponding roughness 

(Rq) is given. All images are set to the same z-scale (10 nm) for visual comparison.
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FIGURE 2. 
Representative infrared spectra for (a) MOF-14- and (b) MOF-399-based films deposition on 

self-assembled monolayer films on Au. Spectra were collected after each 4 layers were 

deposited (as indicated in the legend on the right).
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FIGURE 3. 
The MOF (a) film thicknesses and (b) roughnesses were determined by atomic force 

microscopy. Thickness data for MOF-14 (orange symbols) and MOF-399 (blue symbols) 

thin-film analogs are plotted with linear fits yielding y = 1.3955x – 1.385, R2 = 0.9981 and y 

= 2.2395x – 1.58, R2 = 0.9992 for MOF-14 and MOF-399, respectively. The film roughness 

(Rq) for both MOF systems at all film thicknesses has standard deviations less than 10%.
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FIGURE 4. 
Representative atomic force microscopy images (500 nm × 500 nm) for (a) 4L MOF-14- and 

(b) 4L MOF-399-based films anchored to a Au substrate via a hydroxyl-terminated self-

assembled monolayer, and for (c) 4L MOF-14- and (d) 4L MOF-399-based films anchored 

to a Ge(100) substrate via a carboxylic-acid-terminated self-assembled monolayer film. 

Below each image, the corresponding roughness (Rq) is given. All images are set to the 

same height scale (10 nm) for visual comparison.
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FIGURE 5. 
Representative EIS spectra of (a) 8L MOF-14 and (b) 12L MOF-399 based films. Circuit 

schematics representative of the film electron transport behavior are inset with data. 

MOF-14 analog film data is fit to the equivalent circuit shown in (a).
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FIGURE 6. 
Porosity of 8, 12, and 16L (a) MOF-14- and (b) MOF-399-based films in 10 mM Fc|100 

mM TBATFB PC at a sweep rate of 10 mV s−1.
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