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Sensitive and Reversible Detection of Methanol and 
Water Vapor by In Situ Electrochemically Grown CuBTC 
MOFs on Interdigitated Electrodes

Sumit Sachdeva, Manjunath R. Venkatesh, Brahim El Mansouri, Jia Wei,  
Andre Bossche, Freek Kapteijn, Guo Qi Zhang, Jorge Gascon, 
Louis C. P. M. de Smet,* and Ernst J. R. Sudhölter

Recent advances in the microelectronics industry have 
resulted in the development of miniaturized transduction 
devices for accurate, real-time detection of various analytes. 
Such systems require, in addition, affinity layers for the intro-
duction of sensitive, selective, and reversible interactions 
with the analytes to be detected.[1] While most of the com-
mercially available sensors utilize metal-oxides as affinity 
layers, there is interest for extending the range of affinity 
materials to reduce cross-sensitivity and to lower energy con-
sumption.[2] Recent studies have focused on utilizing metal–
organic frameworks (MOFs) as affinity layer materials, 
because of their high porosity, selective gas adsorption prop-
erties, and tunability.[3] MOFs belong to the class of hybrid 
materials and are composed of coordinatively linked metal 
ions or clusters via organic ligands to form porous crystalline 
frameworks.[3b,4] Hitherto, most of the sensing studies with 
MOFs were carried out using the material as a bulk powder, 
i.e., by monitoring the change of luminescence properties DOI: 10.1002/smll.201604150
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The in situ electrochemical growth of Cu benzene-1,3,5-tricarboxylate (CuBTC) 
metal–organic frameworks, as an affinity layer, directly on custom-fabricated Cu 
interdigitated electrodes (IDEs) is described, acting as a transducer. Crystalline 
5–7 µm thick CuBTC layers are grown on IDEs consisting of 100 electrodes with a 
width and a gap of both 50 µm and a height of 6–8 µm. These capacitive sensors are 
exposed to methanol and water vapor at 30 °C. The affinities show to be completely 
reversible with higher affinity toward water compared to methanol. For exposure 
to 1000 ppm methanol, a fast response is observed with a capacitance change 
of 5.57 pF at equilibrium. The capacitance increases in time followed diffusion-
controlled kinetics (k = 2.9 mmol s−0.5 g−1

CuBTC). The observed capacitance change 
with methanol concentration follows a Langmuir adsorption isotherm, with a value 
for the equilibrium affinity Ke = 174.8 bar−1. A volume fraction fMeOH = 0.038 is 
occupied upon exposure to 1000 ppm of methanol. The thin CuBTC affinity layer 
on the Cu-IDEs shows fast, reversible, and sensitive responses to methanol and water 
vapor, enabling quantitative detection in the range of 100–8000 ppm.
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upon analyte binding.[3a,5] Only a few studies have appeared 
on postsynthetically deposited MOFs on a transducer sur-
face, able to transform the interactions with the analyte into 
changes of conductivity or dielectric properties.[6] The layer-
by-layer deposition method has also been used to make thin 
films of MOFs on the surface of transducers.[7] While all these 
multiple-step approaches illustrate well the attractiveness 
of using MOFs as selective affinity layers for sensor devices, 
their further applicability will benefit from developments 
that shorten the fabrication process of the MOF coatings.[8]

An interesting approach to grow MOF films directly on 
metal (transducer) surfaces in a fast and controllable way 
makes use of anodic dissolution of the metal ions in the 
presence of the organic linkers.[9] Such an electrochemical 
deposition procedure can be easily integrated with semi-
conductor processing techniques.[10] Recently, the ability 
to grow Cu-MOFs as uniform films on flat Cu electrodes 
by applying cyclic current pulses is shown.[11] The electro-
chemical growth of Cu-MOFs on interdigitated Cu elec-
trodes as sensors and their ability to detect methanol and 
water vapor at room temperature is demonstrated. These 
analytes were chosen as the model candidates to study 
the feasibility of this MOF-transducer integration tech-
nique due to their known affinity toward CuBTC.[12] The 
interdigitated electrode (IDE) structure allows capacitive 
detection[13] of the affinity process. IDEs can easily be fab-
ricated, are compatible with CMOS technology and are 
able to operate at room temperature allowing for a low 
power consumption.[13a,14]

The IDEs were fabricated on p-type silicon substrates by 
photolithography using two different procedures with either 
positive or negative photoresist to pattern the IDE struc-
tures (Figure 1 and Figure S1 and Section S1.1 (Supporting  

information)). Next, Cu was electroplated utilizing a  
presputtered 300 nm Cu seed layer as cathode to obtain 
the planar electrodes with varying widths (W) and gaps 
(G) ranging from 5 to 50 µm (Figure 1i–iii). For this study, 
IDEs with W = G = 50 µm and a number of electrodes (N) 
of 100 are used, to ensure a good coverage of the MOF and 
to prevent electrical shortcuts which might arise at smaller 
G. Since the total capacitance is a linear function of N, it was 
set at the indicated value to enhance the overall sensitivity. 
The height of the produced Cu electrodes was 6–8 µm, as 
determined by cross-sectional scanning electron microscopy 
(SEM, Figure 1iv) and by Dektak profilometry (Figure S2, 
Supporting Information). The spatial wavelength[15] (λ) of 
the IDE device is defined by: 

W Gλ ( )= +2 	 (1)

The sensitivity of the IDE transducer to detect changes in 
the capacitance of the affinity layer increases with a smaller 
value of λ. Theoretical calculations of the electric field prop-
erties and the capacitance of our IDE structures making use 
of COMSOL Multiphysics[16] for a configuration of two half 
electrodes (half spatial wavelength (λ)) were performed. The 
total capacitance was estimated by multiplying the resulting 
modeled capacitance with (N − 1) = 99, to yield a (N − 1) × 
Celectrode. The width (W) and gap (G) of the IDE structure 
were both set to 50 µm in COMSOL[16] and the height of the 
electrodes was set to 6 and 3 µm, to simulate the situation 
before and after the MOF growth process, respectively (Sec-
tion S1.3, Supporting Information).

From Figure 1v, it can be seen that the field strength 
remains strongest near the surface of the electrodes. About 
75% of the field lines are found at a distance of z <40 µm, 
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Figure 1.  Fabricated devices with interdigitated electrodes (IDEs). i) Optical image of the fabricated IDE with four-bond pads in the end for external 
connections and ii) optical image of a region of the IDEs with electrodes (black region) with width (W) and gap (G) of each 50 µm. iii) Schematic of 
the device illustrating the dimensions (width (W), gap (G), and height (H) of the electrodes) and spatial wavelength (λ) of the device. iv) SEM image 
of the IDEs width of 50 µm and gap of 20 µm captured at 6° angle view and v) figure indicating the distribution and electrical field strength (V m−1) 
calculated across x and z dimensions. Color map indicates a distribution from the weakest (in blue) to the strongest (in red) field strength (V m−1).
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as measured perpendicular to the electrode surface. Near the 
edges of the electrodes (i.e., region between x = 0–25 µm and 
x = 75–100 µm in Figure 1v; red colored) the maximal elec-
trical field strength was found. A capacitance of 132 pF was 
calculated for IDE with W = G = 50 µm and N = 100. Experi-
mentally, the capacitance of the IDE was 3940.0 ± 0.1 pF at 
20 kHz (Figure S3, Supporting Information). The observed 
larger capacitance compared to the calculated capacitance 
is due to the parasitic contributions from the substrate and 
the wire bonding (≈3000 pF; see Section S2 in the Supporting 
Information).

The Cu IDEs were used to electrochemically grow thin 
films of the well-known CuBTC MOF.[17] It consists of a Cu 
paddlewheel framework formed from two Cu ions coordi-
nated with four tridentate benzene-1,3,5-tricarboxylate (BTC) 
ligands (Figure S4, Supporting information).[17a] CuBTC has 
affinity for small-size gases such as NH3, CO, NO2, NO, H2S, I2, 
ClCN, and volatile organic components such as methanol 
and ethanol, making it a potential candidate for application 
as affinity layer on our IDEs.[18] CuBTC was grown electro-
chemically on the Cu IDE structures with a Cu counter-elec-
trode (cathode) in a 10 mL electrochemical cell containing 
a H3BTC solution in 96 vol% ethanol (Section S1.2, Sup-
porting Information). Cyclic pulses of the current (6 mA for 
5 s followed by no current for 5 s) were applied for 5 min.[11a] 
This resulted in the deposition of crystalline materials on the 
IDE structure. By X-ray diffraction (XRD), the formation of 
CuBTC was confirmed (Figure 2i).[17a,19] The crystalline layer 
was uniformly grown and showed a thickness of 5–7 µm as 
deduced from SEM images (Figure 2 and Figure S5 (Sup-
porting Information)). Cracks in the CuBTC layers were 
observed and also some crystal detachment if the pulses were 
applied during a longer time period (7.5 min). This is most 
likely due to induced mechanical stress by the partial disso-
lution of the copper finger-electrodes and the concomitant 
formation of CuBTC[9b] (Figure S6, Supporting Information). 
The thickness of the IDE electrodes was reduced from  

6–8 to 3–5 µm (Figure 2vi and Figure S2 (Supporting infor-
mation)). N2 and CO2 adsorption studies on CuBTC depos-
ited over Cu-Mesh confirmed the porosity of the deposited 
layer (Figure S7, Supporting information). Due to this elec-
trochemical deposition process of CuBTC (εr = 1.7),[20] the 
device configuration is changed (Figure S8, Supporting Infor-
mation). The presence of voids in the layer and noncoated 
region between electrodes is represented as a capacitance 
(Cair) in series with the capacitance introduced by the MOF 
layer (CMOF) as indicated by Figure S8b (Supporting infor-
mation). This series capacitance affects the sensitivity of the 
device but presence of CuBTC layer should enhance the 
adsorption. The deposition resulted in a slight decrease of the 
calculated capacitance from ≈132 to ≈122 pF as a combined 
result of reduction in electrode thickness and growth of a 
higher dielectric layer (Figure S9, Supporting Information).

These CuBTC-modified IDEs were exposed to different 
concentrations of methanol and water vapor present in a 
nitrogen carrier gas at 30 °C in a custom-built gas mixing 
and sensing equipment system described previously.[6c] The 
capacitance changes were determined by using impedance 
spectroscopy at a constant frequency of 20 kHz. In Figure 3i, 
a capacitive response of 5–25 pF is shown upon the expo-
sure to 1000–8000 ppm of methanol at a constant flow rate of 
200 mL min−1, in contrast to the unmodified IDE that showed 
no response. The response of the modified device to meth-
anol vapor was completely reversible. The desorption time 
is longer than the adsorption time, reflecting the so-called 
“favorable” methanol isotherm.

The capacitive response started a few seconds after 
applying the methanol and reached an equilibration value 
in 120–150 s (Figure 3ii). Such response is comparable with 
the metal-oxide based methanol sensors[21] and clearly 
reflects the presence of the thin CuBTC layer with its high 
porosity (having a (Brunauer–Emmett–Teller)BET surface 
area of ≈1300 m2 g−1 and a pore volume of ≈0.73 cm3 g−1).[12] 
By contrast, a coating of amino-MIL-53(Al) MOF blended 
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Figure 2.  i) Comparison of the XRD pattern for the IDEs with (red) and without (blue) CuBTC layer with the simulated pattern of CuBTC. ii,iii) SEM 
images of CuBTC grown over the electrodes. iv–vi) Cross-sectional SEM of a coated IDE.
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in a Matrimid polymeric matrix, shows a ≈12 times slower 
response.[6c] This slower response is the result of the presence 
of the polymer, which acts as a diffusion barrier.[6c]

Next, this capacitive increase in time for the situation 
where 1000 ppm of methanol vapor was applied, was fur-
ther analyzed to understand the role of pore diffusion in the 
methanol sensing. At these analyte concentrations, the meth-
anol adsorption takes place mostly at the open-metal sites 
of CuBTC framework[12] which have a cage diameter of 9 Å 
with a pore window between 3.5 and 4.6 Å. With a kinetic 
diameter of 3.6 Å, diffusion of methanol within the CuBTC 
framework can significantly affect the adsorption process and 
hence the sensor response. Diffusion studies on CuBTC with 
gases such as CO2 (kinetic diameter 3.3 Å) clearly indicate 
the role of intraparticle diffusion.[22] Such intraparticle diffu-
sion plays a dominant role in the adsorption processes, if the 

uptake and hence the sensor response is directly proportional 
with the square root of the time (t0.5) as described below:[23] 
(Equation (2); Section 5, Supporting information)

C k t I∆ = +p
0.5

	
(2)

where ΔC is the change in capacitance at time t, kp is the rate 
constant, and I is the intercept representing the boundary 
layer effects. Figure S10 (Supporting information) shows 
that the relation between ΔC and t0.5 can be divided into 
three regimes. The first section shows a very small increase 
in capacitance (t0.5 < 4 s0.5) and can be accounted for the 
equilibration of the measurement chamber due to the pres-
ence of large dead-volume (400–450 mL). It is followed by 
the linear regime of the response indicating the dominance of 
the intraparticle diffusion in the adsorption process. The rate 
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Figure 3.  i) Capacitive response of unmodified IDE (red) and CuBTC-coated IDE (blue) toward methanol. ii) Capacitive response versus time of 
CuBTC-coated IDE toward 1000 ppm of methanol vapor. iii) Quantitative behavior of the sensor device toward methanol vapor and the Langmuir 
model fit. iv) Comparison between the response toward methanol and water vapor normalized with respect to the dielectric constants of analyte. 
v) Estimated dielectric constant (red) and capacitive change (blue) of these devices with methanol concentration as deduced by finite element 
analysis. vi) Simulated distribution of the electric field strength, |E| over the IDE geometry. Color map indicates a distribution from the weakest 
(blue) to the strongest (red) field strength (V m−1).
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constant (kp) for this diffusion-controlled process was deter-
mined to be 0.648 pF s−0.5 with a R2 value of 0.9958. The third 
section represents the equilibrium stage (t0.5 > 9 s0.5) where a 
decrease in the concentration gradient slows down the diffu-
sion process.

The capacitance response, (ΔC), in the measured meth-
anol concentration range was further related to the concen-
tration of methanol in the CuBTC affinity layer near the 
transducer by applying a Langmuir isotherm model as indi-
cated in Figure 3iii and described by Equation (3): 

C
C

K c
K c

q
q θ∆ = + = =1s

e m

e m s 	
(3)

where Cs, Ke, cm, and qs indicate the saturation capacitance, 
affinity constant, concentration of methanol in the measure-
ment chamber, and saturated amount of adsorbed meth-
anol, respectively. Ke and Cs were found to be 174.8 bar−1 
and ≈44.8 pF, respectively, as determined by nonlinear least 
square fitting of Equation S5 (Supporting Information) to the 
experimental sensor response. Even though Cs indicates that 
the adsorption capacity is still far from saturation, extrapo-
lation to higher concentration has to be done carefully as 
multiple-site adsorption and pore filling in CuBTC can result 
in deviations from Langmuir behavior.[12] Based on these 
parameters, the amount of adsorbed methanol for applying 
a 1000 ppm concentration was estimated to be ≈2.9 mmol g−1 
of CuBTC (corresponding to a 5.57 pF capacitive change and 
qs = ≈0.02 mol g−1).[24] These estimated adsorbed amounts 
(from 2.9 to 11.6 mmol g−1) for the applied methanol con-
centration range (1000–8000 ppm) were well in correspond-
ence with the literature.[12] Utilizing the amount of adsorbed 
methanol, the diffusion rate constant was also recalculated as 
0.29 mmol s−0.5g−1

CuBTC. Furthermore, changes in the volume 
fraction (f) of methanol inside the pores of CuBTC were also 
calculated on exposure to different concentrations of meth-
anol vapor with the assumption of a Langmuir behavior of 
adsorption (Section S6 and Figure S11, Supporting informa-
tion). For 1000 ppm of methanol in N2, fMeOH was calculated 
to be 0.038.

With an accuracy of our equipment (HP 4284A LCR 
meter) in the fF range, the sensitivity of the devices is clearly 
indicated by changes of 5 pF/1000 ppm of methanol. Our 
CuBTC-modified IDEs were also exposed to different con-
centrations of water vapor and the results were compared 
with the responses observed to methanol (Figure 3iv). The 
responses were therefore corrected for the differences of 
dielectric constants of methanol and water by dividing the 
observed capacitance change by the respective dielectric 
constants (εr, methanol = 32.7, εr, water = 78). Clearly, the affinity 
of the CuBTC toward water vapor is much stronger than 
the observed affinity to methanol. This observation con-
firms earlier studies.[18a] For lower methanol concentrations 
(≈100 ppm) similar results related to reversibility and repro-
ducibility were found (Figures S12–S15 and Section S7, Sup-
porting information).

The methanol adsorption by the CuBTC framework also 
changes the effective local dielectric constant (εe). This εe 
was approximated utilizing the Bruggeman effective medium 

approximation[25] which is based on changes in the volu-
metric fraction(f) (Section S6, Supporting information). The 
relative static dielectric constant of CuBTC[20a] (in vacuum) 
was assumed to be εr = 1.7. It can be seen in Figure 3v that the 
calculated εe roughly increases from ≈1.5 to ≈2.7 on exposure 
from 0 to 8000 ppm of methanol (εr = 32.7). The calculated 
capacitance (by finite element modeling) for these dielectric 
constant changes are in line with the measured capacitance 
changes, confirming the role of changes in local polarity on 
the adsorption of polar molecules like methanol. Finally, 
the simulated electric field strength of these MOF-modified 
electrodes indicated a slight decrease with this increase of 
εr to 2.7 (Figure 3vi and Figures S16 and S17 (Supporting 
information)).

In summary, the feasibility of in situ electrochemically 
grown CuBTC MOFs on Cu IDEs as sensor devices is suc-
cessfully demonstrated. To best of our knowledge, this is 
the first study for such MOF-transducer integration. These 
devices show a fast response (120–150 s to saturation), are 
sensitive and have reversible sensing properties useful for 
the quantitative detection of methanol and water vapor in 
the 100–8000 ppm range. The time-dependent responses were 
successfully simulated by the diffusion-controlled kinetics. 
Equilibrium capacitive responses also followed the Lang-
muir adsorption model with an affinity constant of 174 bar−1 
for methanol concentrations up to 8000 ppm. Comparative 
sensing studies with methanol and water indicated higher 
sensitivity toward water due to its stronger affinity to the 
CuBTC. Theoretical estimations of the local dielectric con-
stants by application of the Bruggeman approximation, 
indicated that on the exposure to different methanol vapor 
concentrations (0–8000 ppm), the relative dielectric constant 
of partially filled CuBTC increases from ≈1.5 to ≈2.7 as a 
result of the uptake of methanol. The calculated capacitance 
changes correlate well with the experimentally observed 
data, supporting our applied methods. In conclusion, CuBTC 
MOFs can be formed in situ electrochemically on micro-
structured copper IDEs in a fast and easy way. These devices 
act as fast, reversible and sensitive sensors for the quantita-
tive detection of methanol and water vapor in the range of 
100–8000 ppm.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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