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Abstract 
 Quartz crystal microbalance with dissipation (QCM-D) measurement was used to 
investigate the kinetics of molecular hydrogen adsorption into thin films of the Prussian blue 
analogue Cu3[Co(CN)6]2 at ambient conditions.  Although the equilibrium adsorption seems to be 
independent of the thickness, the adsorption rate substantially decreases with the thickness of the 
films.  In addition, the reversibility of H2 adsorption into the Cu3[Co(CN)6]2 films was investigated.  
The results indicate that the Cu3[Co(CN)6]2 mainly interacts with H2 molecules physically.  The 
highest measured H2 uptake by Cu3[Co(CN)6]2 films was obtained when the gas phase was 
stagnant inside the testing cell.  However, the unusual high H2 uptake measured by QCM-D calls 
into question the reliability of the method. 
 
LAUR number - 08-06013 
 
1. Introduction 

Prussian blue analogues consist of structures based on a simple cubic M[M’(CN)6] 
framework, in which [M’(CN)6]

n- complexes are connected via octahedrally coordinated, 
nitrogen-bond Mn+ ions.  Upon dehydration (heating), the metal ligand framework produces 
several perspective binding sites for H2, including open coordination sites in the M2+ ions.  The 
robust nature of the framework, facilitated by the short and rigid connectivity and three-
dimensionality, enables the open porous structure to be retained leaving coordinatively 
unsaturated metal centres.1-3   Kaye and Long suggested that the availability of eight Cu2+ binding 
sites per unit cell in Cu3[Co(CN)6]2 would be advantageous for H2 sorption.3  The binding energy 
of these analogues is around 5 – 10 KJ/mol.1-3 

To fully utilize the high surface area of the metal organic frameworks (MOFs), it may 
ultimately prove necessary to fabricate MOFs into the geometries with the high interfacial area 
(e.g., thin film) and/or complex structures (e.g., composite membranes and hollow fibers).  It is 
well known that the interfacial properties of materials can differ significantly from the bulk 
properties.4-8 Therefore, understanding how the interfacial behavior of thin film MOFs differs from 
their bulk form is important.  

In contrast to volumetric measurements, which are mainly carried out on bulk materials 
(typically requiring  > 10 mg and a long times > 100 hrs to perform measurements),1-3,9-13 solid-
state sensors can provide significant advantages for detecting mass uptake.  These devices can be 
easily interfaced with the process stream and can be readily replaced.  For example, a quartz 
crystal microbalance (QCM) show very high sensitivity (up to <10-9 g/cm2) to mass changes on 
the surface of the oscillating quartz crystal.  In the past 30 years, many researchers have used 
QCM as an accurate, sensitive, and fast analytical tool for studying absorption/desorption, gas 



 

sensing, and pollutant detection in many materials (e.g., metals, nanoporous silica, carbon 
nanotubes, zeolites, alloys, polymers, and etc.).14-32  

In this study, the objective was to take the advantage of the QCM sensitivity to study the 
kinetics of H2 soprtion in MOF thin films.  As a consequence of the low water content and 
dehydration temperature of the Prussian blue analogues, Cu3[Co(CN)6]2, was chosen as a model 
compound.2 By changing film thickness, film mass, and test conditions, the effects of morphology 
and operating condition could be investigated.  However, ultra high H2 uptake was detected 
under ambient conditions, which makes us question the reliability of the measurement as 
currently understood.  Clearly, more in-depth study and fundamental understanding are needed 
before we can confidently use this technique for the kinetics of gas adsorption.   
 
2. Background on the QCM-D Technique 
 
 The QCM-D technique is based on a disc-shaped, AT-cut piezoelectric quartz crystal with 
Au electrodes deposited on both faces.  For a Q-sense quartz plate, the Au electrode on the one 
side of quartz is smaller than the other side.  The active surface area (~0.2 cm2) is determined by 
the small area of the electrode.  The crystal is excited to oscillation in the thickness shear mode at 
its fundamental and overtone resonant frequencies (f) by applying a voltage across the electrodes 
near the resonant frequency.  A small mass added to the electrodes (∆m) induces a decrease in 
the resonant frequency (∆f), which is proportional to ∆m based on Sauerbrey equation33 
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where A is the active surface area, ρQ and GQ are the density and the shear modules of the quartz 
plate, and fo is the resonance frequency of unloaded quartz plate.  Using Eq. 1, the adsorbed 
mass (∆m) can be deduced from a linear relation fit to the shift in the resonant frequency (∆f): 
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where CQCM (=17.67 ng cm-2 Hz-1 at f = 5MHz) is the mass sensitivity constant and n (=1,3,..) is 
the overtone number.  However, both Eq. 1 and Eq. 2 are valid when the following conditions 
are met a) added mass is small compared to the weight of the crystal quartz (< 2 mass%), and b) 
the film is rigid without slip on the electrode and evenly distributed over the active area of the 
quartz.   

The dissipation factor (D) is the inverse of the better known Q factor, defined by: 
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where EDissipated and EStored are the energy dissipated and stored during one period of oscillation, 
respectively.  When the driving power (at frequency f) to the excited quartz plate is switched off 
at time = 0, the amplitude of oscillation decays as an exponentially damped sinusoid at the decay 
time constant of τ (sec-1).  Consequently, D is the sum of all mechanisms that dissipate energy 
from the oscillating system such as friction and viscous losses.  In general, viscous materials 
dissipate more energy than rigid ones. 
 



 

3. Experimental 
3.1 Syntheses  

A solution of Cu(NO3)2·2.5H2O (4.1866 g, 18 mmol) in 100 mL H2O was slowly added 
into a solution of K3[Co(CN)6] (3.3234 g, 10 mmol) in 100 mL H2O with magnetically stirring. 
The mixture was then placed in an furnace at 90 °C for 10 hours.  The resulting blue precipitate 
was filtered and washed thoroughly with H2O (10 mL) 3 times.  The yield was 95% (3.7185 g) 
based based on Co mass.  Both Cu(NO3)2·2.5H2O and K3[Co(CN)6] (95%) were acquired from 
Aldrich and used as received.  The synthesized Cu3[Co(CN)6]2 powder was washed using 
methanol a few times, and then vacuum dried at 120 °C for more than 8 hours.  The dried 
powder was sealed in a glass bottle. 

 
3.2 Characterization  
 To verify the phase purity of the as-synthesized compound, elemental analyses of C, H 
and N were performed on a Perkin-Elmer 240C elemental analyzer, powder X-ray diffraction 
(PXRD) patterns were collected on a Rigaku, Ultima III instrument (Bragg-Brentano geometry), 
and mid-infrared (400-4000 cm-1) spectra were collected using a Mattson Genesis II FTIR 
spectrometer operating at a resolution of 2 cm-1.  The thermal stability of the Cu3[Co(CN)6]2 
powder was determined using a thermo-gravimetric analyzer (NETZSCH  STA 449C and TASC 
414/4 controller), under a dry nitrogen and air atmosphere (at 30 ml/min flowrate) over a 
temperature range of 25 – 600 °C and at a heating rate of < 1 K/min.  Prior to the N2 testing, the 
sample chamber was evacuated for a few minutes at room temperature (~23 °C).  The weight 
loss/temperature curve was measured.  Simultaneously, the signal of a differential scanning 
calorimeter was recorded.  
 
3.3 Thin film preparation and characterization 

To prepare the Cu3[Co(CN)6]2 thin film, 0.5 gram of Cu3[Co(CN)6]2 fine powder was 
dispersed into 10 - 15 ml methanol to form a suspension.  After the large particles settled down 
for a few minutes, the top portion of the suspension, containing fine particles, was used to 
prepare the films.  Drops of the suspension were cast on the pre-determined weighed and 
cleaned electrode using a micro-pipette (< 10 µl).  The thin film was formed as the solvent was 
evaporated under vacuum at ~100 °C.  The weight of deposited Cu3[Co(CN)6]2 was measured by 
the difference of the electrode weight before and after the deposition.  Films typically weighed 
from 10 to 32 microgram (< 0.02 mass% of the electrode weight. The crystal structure of the 
coated films was verified using X-ray diffraction.  The thickness of the Cu3[Co(CN)6]2 films was 
determined using Nikon mm-60 measuring microscope (Nikon, Japan).  The thickness of the films 
was typically less than 5 µm.  The thinnest film was ~0.7± 0.3 µm.  The analytical error on the 
thickness was  ~25 %.   

 
3.4 Gas sorption apparatus   

The gas sorption/desorption experiments were conducted using the QCM-D instrument 
(Q-sense, Inc.). The measurement chamber (D300) and electronic unit (QE 301) were purchased 
from Q-sense.  AT-cut quartz crystal coated with 100 nm Au layer was the sensor electrode (QSX 
301, Q-sense, Inc.).  The software QSoft (Q-sense) was used to acquire changes in the frequency, 
dissipation factor, and temperature. Ultra high pure H2 (99.9995%) was purchased from 



 

Matheson Tri-Gas.  A mass flow controller Stay – III (Sierra Instruments, Inc) was used to control 
the gas flow rate when tests were conducted at a constant flow rate (0 - >30 ml/min at the 
ambient conditions).  The operational pressure varied from vacuum to slightly above the ambient 
pressure (~590 ± 10 torr).  The chamber temperature was controlled at 23.5 °C within ± 0.05 °C 
of accuracy.  All of the ultra-pure gas was passed through two inline filters before feeding into the 
QCM chamber.  One Baratron absolute pressure gauge (0 – 1000 torr) was mounted at the outlet 
of the QCM-D chamber to monitor the pressure change during the experiments.  

 
3.5 Isothermal sorption experiment 
 Prior to casting the films, clean blank quartz crystals were tested at different experimental 
conditions for 4 overtones (5-35 MHz).  In a typical test, the QCM chamber was pumped under 
dynamic vacuum (< 10-3 torr) for more than a few hours until the changes in the frequency (∆F) 
and dissipation faction (∆D) approached constants.  Then, the QCM chamber was charged with 
the ultra-high pure H2 above 600 torr within a few seconds.  Once the chamber pressure was 
above 610 torr, we quickly equilibrated the pressure with the ambient pressure (~590 ± 15 torr) 
and then isolated the chamber from outside. However, when the chamber pressure changed from 
vacuum to the ambient pressure, a change in ∆F for the blank quartzes was observed.  This value, 
slightly different for different quartz crystals, was typically in the range of 48 ± 5 Hz for F1 at 
23.5 °C and was taken into count in the data analysis.  The gas flow rate through the QCM 
chamber had neglect effect on both frequency (∆F < 1 Hz) and dissipation factor (∆D < 0.1 x 10-

6) for the uncoated quartz crystals when the flow rate changed from 0 to > 50 ml/min.   
Once placed on the quartz crystals, the films were dried in a vacuum oven at ~100 °C for 

16 – 24 hour, and then quickly loaded into the QCM-D chamber.   Before the sorption test, the 
QCM chamber was further evacuated for a few hours until both frequency and dissipation factor 
reached a plateau.  After the chamber was charged with H2 up to the ambient pressure and then 
isolated from outside, the shifts on the frequencies and dissipation factors were recorded over the 
sorption process at the time intervals of 0.01 ~ 1.0 sec until both ∆f and ∆D reached a steady-
state.  During this period, the pressure of the QCM chamber was also monitored.  Following the 
sorption process, desorption was monitored by evacuating the QCM chamber until both shifts (∆f 
and ∆D) reached a plateau.  All of the measurements were conducted at 23.5 ± 0.5 °C.  By 
comparing the frequency of the coated films under the vacuum, we confirmed that the weight 
loss was typically less than < 5% of the original weight after the films were tested for more than 
30 days.  

We also conducted the isothermal sorption at different hydrogen flow rates.  The 
experimental procedures were the identical as the above, except for the flow of H2 through the 
QCM chamber (0 ~ >50 ml/min flow rate at ambient pressure).  
 
4. Results and Discussion  
4.1 Characterization of Cu3[Co(CN)6]2 powder  

In Figure 1 (a), we compare the powder X-ray diffraction (PXRD) patterns indexed from 
single crystal of Cu3[Co(CN)6]2.9H2O and the as-synthesized Cu3[Co(CN)6]2.9H2O.  The almost 
identical PXRD patterns confirmed the phase purity of the synthesized compound.  Mid-infrared 
(400-4000 cm-1) spectra in Figure 1(b) were collected for both hydrated and dehydrated samples. 



 

The IR spectra clearly indicate that the water molecules were removed completely corresponding 
to the lack of a peak at ~ 3400 cm-1 after heating at 120 °C. 

Figure 1. (a) PXRD patterns of single crystal (pink) and as-synthesized Cu3[Co(CN)6]2.9H2O (blue) 
and (b) IR spectra of hydrate (purple) and dehydrated Cu3[Co(CN)6]2 (blue). 

 
 

The thermal stability of Cu3[Co(CN)6]2 powder under N2 and air were also investigated.  
The TGA and DSC results are shown in Figure 2(a) and 2(b), respectively, and suggest that the 
hydrated Cu3[Co(CN)6]2 powder lost coordinated water below 120 °C and stable up to 260 °C.  
These results are consistent with prior studies.2  The weight loss observed under N2 appeared to 
be less than that under air when the heating temperature was less than 120 °C, which suggests a 
poorer stability of Cu3[Co(CN)6]2 in the air environment than that in N2 environment.  After 
Cu3[Co(CN)6]2 lost water in air,  its weight continuously decreased during heating.  Because of 
the oxidation occurring around 280 °C in air environment, the compound released an 
appreciable amount of heat whereas the compound seemed to adsorb some heat between 350 
and 480 °C in N2.  The hydrothermal treatment ~120 ºC resulted in fine Cu3[Co(CN)6]2 powder 
with nanometer size. 
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Figure 2.  The thermal analysis results of Cu3[Co(CN)6]2 powder under N2 and air conditions (a) TGA 
results and (b) corresponding DSC results (the heating rate 0.25 K/min to 1 K/min).  
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4.2 Isothermal sorption   
Figure 3(a) illustrates typical time evolution of the frequency shift when the films were 

exposed to H2 at 23.5 °C.  One qualitative feature of all measurements was that the amount of 
the adsorbed gases increased monotonically with time and reached a plateau, and showed 
distinct two processes as a function of time.  However, the sorption kinetics appeared to vary 
from one sample to the others.  To better illustrate the sample-to-sample variation, the 
normalized frequency shift (∆F/∆Fmax) is plotted in Figure 3(b).  The thinner films (<2.0 µm) 
reached 50% capacity less than one hour, whereas the thickest film (S6) took a few hours.  
Similar behavior was reported on the palladium (Pd) thin films interacting with H2 by RaviPrakash 
et al.34 who suggested that the film morphology strongly influenced the rate of sorption of the Pd 
thin film, but the plateau values were solely dependent on the mass of the materials.  
Furthermore, although the thickness of S4 is larger than that of samples S3, S5 and S8, the S4 
sample gives the highest slope in its sorption curve at the early stage (< a few minutes).  The 
result suggests that in addition to thickness, other factors such a grain size may also impact the 
kinetics of the sorption process in the thin films.  We suspect that the largest mass of S4 may 
contribute to the fast kinetics.  
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Figure 3.  The illustrations of H2 sorption behavior of several Cu3[Co2(CN)6]2 thin films at ambient 
conditions (23.5 ± 0.1 °C and < 520 torr) (a) and the plot of ∆F1/∆F1max vs. time (b).   
  

The sample weight, thickness, calculated added mass and H2 mass uptake are summarized 
in Table I.  The films (S3, S5, and S8) were relatively thin (< 2 µm) and uniform and three 
overtones (F1, F3/3 and F5/5) were detected and they overlapped fairly well.  Therefore, the 
Sauerbrey equation can be used to calculate added masses of these samples (i.e. ∆m).  The H2 
uptake for the thin films is typically 0.5 – 1.0 wt% higher than that for the thicker films. This is 
similar to that found for Pd/H2 sorption, the very high H2 uptake was obtained for the thin Pd film 
coated on to the QCM electrode as well.18 Frazier et al. suggested when the film thickness 
decreased the film became discontinuous and thus the surface/volume ratio was increases, which 
might increase the accessibility of the gas molecules, and resulted in a much higher H2 uptake 
than that obtained in the thick films.18 An alternative perspective is that inter-grain sorption is 
occurring and that the opportunity for grain boundary sorption is greater (per unit mass of film) in 
the thinner films.  

However, the average H2 mass uptake of the 6 samples reported here is about 4.4 ± 0.6 



 

wt% at ambient conditions (23.5 °C and < 520 torr), which is much higher than what has been 
reported for the bulk material.  Although the high sensitivity of the QCM and the thin film of the 
tested samples may allow us to detect the maximal H2 capacity in Cu3[Co2(CN)6]2

 thin films, a 
capacity which may exceed what can be achieved in bulk, a value of ~4.5 wt% H2 at ambient 
conditions is suspect. The H2 uptake by the same compound in bulk form reported in the 
literature is < 2.0 wt% at 77 K and <890 torr.1,3,10  In order to thermodynamically stabilize H2 at 
ambient conditions (~ 20 °C and 1 atm) (∆HH2 = T∆SH2), the binding energy between H2 and 
Cu3[Co2(CN)6]2 has to be as high as ~32 KJ/mol.  However, the reported binding energy of these 
analogues is less than 10 KJ/mol at liquid nitrogen temperature.  Therefore, the validity of the 
QCM-D measurement is questionable if the sorption is occurring at the usual sites within the 
framework.  None-the-less, the experimental results reported above were shown to be 
reproducible.  Hence, some additional contributions to sorption are suspected to be at play in 
order to produce such a large capacity change relative to the bulk measurement.  

 

Table I. Summary of sample thickness, weight, added mass, and H2 uptake by the Cu3[Co2(CN)6]2 thin films 
(23.5°C and < 520 torr). 

Sample 
Label 

Thickness 
(µm) 

Sample weight1 
(µgram) 

Sample weight2 
(µgram) 

∆mMax 

(µgram) 
H2 uptake 

(Wt%) 
S23 3.0 27.4 28 ± 1.0 1.03 3.86 
S3 1.6 16.0 20 ± 1.0 0.77 4.84 
S4 2.4 30.0 34 ± 1.0 1.39 4.65 
S5 0.6 7.8 9 ± 1.0 0.32 4.66 
S64 5.4 23.0 26 ± 1.0 0.89 3.87 
S8 0.9 9.5 10 ± 1.0 0.49 5.13 

1: The sample weight inside the active area (~0.2 cm2) on the quartz was calculated based on the 
frequency difference (under vacuum) before and after the film was coated to the surface of quartz.  This 
weight was used in the H2 uptake calculation. 
2: This weight was measured directly using CAHN C-31 microbalance.  The large weight was expected 
because it counted the entire sample coated on the quartz surface.  
3: We only detected F1 and F3 for both S2 and S4. The calculation added mass using the Sauerbrey 
equation might result in some error. 
4: Due to the large thickness and loose packing, we only detected the fundamental frequency (5 MHz) for 
S6.  Its sorption took more than 1400 minutes to reach a steady-state.  The calculation added mass using 
the Sauerbrey equation might result in an appreciable error. 
 

In Figure 4, we present the sorption results after the dehydrated S8 film was exposed to H2 
gas at varying flow rates.  The change in dissipation factor (∆D) corresponded well with the 
observed change in ∆F.  One would expect that the more H2 the Cu3[Co2(CN)6]2 film adsorbed, 
the more energy the film stored during the oscillation.   
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Figure 4. The sorption behavior of S8 when the H2 flow rate varied between 1.5 and > 30 ml/min (at 23.5 
°C and ~ 590 torr) (∆F3/3 and ∆D3 data). 
 

As the flow rate increased from 2.0 to 5.0 ml/min, the value of ∆F increased from -40 Hz 
to -17 Hz.  When the flow rate decreased from 12.0 ml/min back to 5.0 ml/min, the value of ∆F 
returned from -5 Hz to -17 Hz.  Upon increasing and decreasing the flow rate, there appeared to 
be some hysteresis effect.  However, the same equilibrium point was ultimately reached when 
the flow conditions are held the same.  An increase in flow rate appeared to accelerate the 
response of the Cu3[Co2(CN)6]2 thin film but appreciably reduced the frequency change (∆F).  
When the flow rate was increased above 30 ml/min, the absolute value of ∆F decreases to almost 
zero.  If this were a bulk material, conventional interpretation would suggest that this indicates no 
appreciable adsorption of H2 at the ambient pressure, consistent with other researchers’ 
results.1,3,10 
 
 
5.  Conclusion 

In this work, highly sensitive QCM-D measurements were employed to study H2 
adsorption and desorption in Cu3[Co2(CN)6]2 thin films.  The thickness (and presumably 
morphology) of the Cu3[Co2(CN)6]2 film seems to affect the kinetics of H2 sorption, but does not 
influence the equilibrium end-point.  However, an apparent H2 mass uptake as high as 5.0 wt% 
was detected for the Cu3[Co2(CN)6]2 thin films even at the ambient conditions.  While this could 
be due to an abundance of inter-grain adsorption sites in the polycrystalline thin film, or some 
other mechanism, this value is surprisingly high and is therefore considered suspect.  When the 
gas flow rate was increased from 0 to > 30 ml/min, the H2 uptake deduced from changes in 
frequency appeared to decreases to < 0.02 wt%, which becomes more consistent the literature 
results.  However, it is imaginable that flow-induced forces on the quartz crystal (e.g. drag) could 
also contribute to the observed flow effect.  Therefore, more in-depth study and fundamental 
understanding about this technique is warranted before it can be used with confidence to 
conduct gas sorption studies on thin films.  
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