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Principles of quartz crystal microbalance/heat conduction calorimetry:
Measurement of the sorption enthalpy of hydrogen in palladium
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Abstract

A sensitive new measurement technology is described which combines calorimetry, gravimetry, and rheology applied to chemical reac-
tions in thin films: quartz crystal microbalance/heat conduction calorimetry (QCM/HCC). The quartz crystal microbalance/heat conduction
calorimeters constructed so far simultaneously measure heat generation, mass uptake or release, and viscoelastic property changes in the same,
sub-milligram solid film sample when gases interact with the film in an isothermal surrounding. It is possible to measure the energetics of
f ss and the
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ormation of a single layer of adsorbed molecules on a gold surface with this technique. The principles of operation of both the ma
eat flow sensor are described, and one implementation of the combined sensor and apparatus and its electronics is presented
alibration and the preparation of thin sample films are summarized. As an illustrative example, the determination of the sorption e
ydrogen in a 25◦C palladium film of 140 nm thickness is discussed in detail. Other examples of the operation of the QCM/HCC are t
2005 Elsevier B.V. All rights reserved.
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. Introduction

The world is full of surfaces, and chemistry creates coat-
ngs on these surfaces in natural and man-made ways. Surface
hemistry has been developed to give thin films at surfaces
esirable properties—coatings and finishes, for example. Na-

ure sometimes creates undesirable thin films, such as the
iofilm called plaque. Many important chemical and biolog-

cal processes occur in these films either in their production
r use. For a solid film exposed to a gas, the gas may adsorb
r dissolve in the film, or react catalytically at the surface.

n a coating containing volatile components, the components
vaporate by absorbing heat, the film mass decreases, and
he viscous film becomes a glassy solid. Bacteria will grow
s biofilms[1] on any surface accessible to nutrients.

∗ Corresponding author. Tel.: +1 5082418628; fax: +1 5083480303.
E-mail address:asmith@masscal.com (A.L. Smith).

In all these processes, heat is generated or absorbe
thin film gains or loses mass, the viscoelastic properties o
solid film change, and the properties desired may be enha
or destroyed. Quartz crystal microbalance/heat condu
calorimetry (QCM/HCC) was developed to study these ch
ical and biological processes in thin films[2–4].

The individual components of measurement
QCM/HCC each have long histories. In the early 1
century, accurate gravimetric measurements launche
quantitative interpretation of chemical processes in term
atoms and molecules. Heat conduction calorimetry has
extensively used to measure adsorption energetics in s
Gas sorption instruments or thermal gravimetric analysis
measure mass release in solids. Rheological measure
of shear and loss modulus are usually done at low
quency on large samples with dynamic mechanical ana
instrumentation. The quartz microbalance/calorim
simultaneously measures heat generation, mass upta
release, and viscoelastic property changes in the s
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sub-milligram solid film sample when gases interact with
the film in an isothermal surrounding.

2. The quartz crystal microbalance

A flat quartz disc with electrodes on both surfaces can
be forced to oscillate in a transverse acoustic mode (motion
parallel to the surface) by an RF voltage applied at the acous-
tical resonance frequency of the plate. This device is called
a transverse shear mode (TSM) quartz plate resonator. The
frequency of the fundamental mode is inversely proportional
to plate thickness. For a plate thickness of 332�m cut from
a single crystal at a specified set of angles designated as the
AT cut, the resonant frequency is 5.00 MHz in the transverse
shear mode.

The development and applications of quartz plate res-
onators is a venerable field in electrical engineering, dat-
ing back to World War II. Quartz plate resonators are the
basis of accurate measurements of time and are found in
many commercial products from quartz timepieces to ul-
trastable frequency counters. TSM quartz plate resonators
have been used as sensitive microbalances for thin adherent
films since the late 1950’s, following the pioneering work of
Sauerbrey[5]. A TSM resonator whose frequency is contin-
uously monitored when sample is deposited on its surface
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5–10�m thick) can increaseRby hundreds or even thousands
of ohms.

Since the mid 1980s[8] it has been recognized that TSM
resonators can also operate in fluid media if electronic os-
cillator drivers of suitable gain are employed to excite the
resonator and to offset the losses due to damping of the res-
onator by the fluid. When immersed in water, the motional
resistance of a 5 MHz TSM resonator increases to∼360�.
The electroacoustic theory of damped TSM resonators has
been well developed by a number of groups[7,9–12]. For an
infinite viscoelastic liquid in contact with the TSM[8], the
frequency shift is

�fliq = −(2ρqhq)−1(ρlηlf0/π)1/2 (3)

whereρl andηl are the density and viscosity of the liquid. For
a 5-MHz QCM immersed in water at 25◦C,�fliq =−710 Hz.

The impedance of a TSM resonator damped by a finite
viscoelastic film can be described as the sum of two complex
impedances:

Z = Zq + ZL (4)

where the acoustic load impedance due to the filmZL con-
tains both an inductive and a resistive part. Equations have
been given[9–11]relating the complex impedance of a TSM
resonator damped by a finite viscoelastic film to four param-
e
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s known as a quartz crystal microbalance (QCM). The
nant frequency of a quartz TSM resonator of thickneshq

s:

0 = (µq/ρq)1/2

2hq
(1)

hereµq andρq are the shear modulus and density of qua
he shift in frequency due to deposition of a film of the sa
coustic impedance as quartz is proportional to the depo
ass per unit area of the film,�m/A:

f = − 2f 2
0

(µqρq)1/2
�m

A
= − 2f 2

0

(µqρq)1/2
hfρf = −Chfρf . (2)

or an AT-cut 5 MHz crystal at room temperatu
= 56.6 Hz/(�g/cm2). QCMs have been used as film thi
ess monitors in vacuum deposition of metals and inorg
olids since the 1970s[6]. QCMs are useful because of th
ub-nanogram sensitivity.

The electrical characteristics of an uncoated quartz Q
re well represented by a simple RLC damped reso
quivalent circuit with a complex impedanceZq. Using an

mpedance analyzer, it is possible to measure both the re
maginary parts ofZq for TSM resonators[7]. The width of
he resonance for an uncoated 5 MHz resonator is 10–2
nd the mechanical damping within the quartz that gives

o this broadening can be determined by measuring the
ional resistanceR of the resonator, typically∼10�. When
hin, stiff films are deposited on the QCM surface the incr
n R is small, but softer, thicker films (i.e., rubbery polym
ters characterizing the film: the thicknesshf , the densityρf ,
he shear storage modulusG′

f and the shear loss modulusG′′
f .

hear moduli are functions of the frequency at which the
easured, so for TSM resonatorsG′ andG′′ are determined a

he QCM resonant frequencyf0. The determination of she
torage and loss moduli of thin viscoelastic films with T
esonators has been reviewed[13,14]. Even though the b
ic physics of damped TSM resonators is well underst
he effort to determineG′

f andG′′
f from measurements of fr

uency shift and motional resistance change has been fr
ith problems. For very thin, rigid films, the frequency s
ontains no information on eitherG′

f orG′′
f because the Saue

rey limit (Eq.(2)) is reached. For thicker and/or lossier fil
he frequency shift and motional resistance depend onG′

f and
′′
f in a complex manner not obvious by examining the e

ions.
The acoustic load impedanceZL of a film measured a

requencyω = 2πf, is

L = iωhfρf tanϕ/ϕ, (5)

hereϕ is the (complex) acoustical phase shift,

= ωhf
√
ρf/G (6)

ere, the modulusGf = G′
f + iG′′

f is also complex.
Two convenient experimental measures of the film p

rties are

(a) the difference in resonant frequency�f= f (crys-
tal + film)− f (crystal)

b) the difference in motional resistance�R=R (crys-
tal + film)−R (film).
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For thin films (the gravimetric region) the frequency shift�f
is proportional toρfhf , the mass per unit area of the film (the
Sauerbrey relation, Eq.(2)). It is possible to define an “ideal
rigid mass layer” with small acoustic phase shifts[11], for
which the acoustic load impedance is purely imaginary and
the Sauerbrey limit is reached.

The relationship betweenZL and the measured quantities
is [15]

�f/f0 = −Im(ZL )/πZcq (7)

�R/4πf0Lq = Re(ZL )/πZcq. (8)

Here, f0, Zcq, andLq are the resonant frequency, acoustic
impedance, and motional inductance of the bare quartz crys-
tal.

Both�fand�Rare zero in the limit of zero film thickness.
Voinova et al.[9] present equations for both quantities in a
power series expansion in the thicknesshf . We have obtained
equivalent results from expandingZL in a power series inhf
and collecting real and imaginary parts. The result for�f and
�R, to third order inhf , is:

�f

f0
= ρfhf

ρqhq

{
1 + h2

f

3

4πf 2
0ρfG

′

G′2 +G′′2

}
(9)

�
2Lq 4 2 3 G′′

can
b loss
b

J

a

J

T

a

�

E ant
fi are
n e-
s it,
t uare
o the
l al
v ,
r

3. Heat conduction calorimetry

In heat conduction calorimetry[16] the instantaneous ther-
mal power,P= dQ/dt, generated within a sample is measured
by means of a heat flow sensor located between the sample
and a heat sink. The time integration of the thermal power sig-
nalQ= ʃP(t)dtgives the total heat associated with a chemical
process or reaction.

The heat flow sensors used in our calorimeters are ther-
mocouple plates (TCP)[17]. A TCP is made up of a large
number of thermocouples made of p- and n-doped bismuth
telluride, connected in series electrically to give high output
voltages but in parallel thermally to give a high ratio of output
voltage to temperature difference over the TCP. The Seebeck
coefficienta (V/K) for a single thermocouple is defined by
�U=a�T. For a TCP we may define a device Seebeck co-
efficient,E=NawhereN is the number of thermocouples in
a TCP1.

Two properties of a TCP determine its sensitivity: the de-
vice thermal conductanceK (W/K) and the device Seebeck
coefficient: the calibration coefficient,ε, of an ideal heat flow
calorimeter using a TCP is

ε = K/E, (W/V) (15)

For a real calorimeter some heat will be lost through heat flow
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R =
3πZq

ω ρf hf
G′2 +G′′2 . (10)

In the theory of viscoelastic solids, the compliance
e used instead of the modulus to quantify storage and
ehavior. The shear storage compliance is defined as:

′ = G′

G′2 +G′′2 (11)

nd the shear loss compliance is defined as:

′′ = G′′

G′2 +G′′2 . (12)

hus, the thin film limit equations can be rewritten as:

�f

f0
= ρfhf

ρqhq

{
1 + 4h2

f πf
2
0ρfJ

′

3

}
(13)

nd

R = 2Lq

3πZq
ω4ρ2

f h
3
f J

′′. (14)

q. (13) is useful in estimating the thickness of compli
lms at which deviations from the Sauerbrey equation
oticeable. Eq.(14) is useful in interpreting motional r
istance measurements of thin films. In the thin film lim
he motional resistance change is proportional to the sq
f the film density, the cube of the film thickness, and

oss compliance of the film. For a 5-MHz QCM, typic
alues forLq and Zq are 0.0402 H and 8.84× 106 Pa s/m
espectively.
aths other than the TCP, so a measured calibration coeffi
ill be somewhat higher than the one calculated with Eq.(15)

17]. The inverse of the calibration coefficient is termed
ensitivity of the instrumentS(V/W).

At steady state the output voltageU(t) from the heat flow
ensor is proportional to the thermal power:

(t) = εU(t). (16)

etermination ofε is discussed below.
Eq. (16) is sufficient for measurements when the ther

ower changes slowly with respect to the time consta
he calorimeter. If we are interested in the kinetics of rap
hanging processes, Eq.(16) must be generalized. The Ti
quation is employed for this purpose:

(t) = ε

(
U(t) + τ dU(t)

dt

)
. (17)

ereτ, the time constant of the calorimeter, is given by:

= C/K, (18)

hereC is the heat capacity of the sample and its conta
ote that the heat capacity of the sample only influence

ime constant; the calibration coefficient is not changed.
s in contrast to adiabatic calorimetry in which the meas
otal heatQ for a process is proportional to the total h
apacity of sample and container.

1 A useful discussion of the physical properties and operating
ulae for thermoelectric devices can be found at the following U
ttp://www.melcor.com./formula.htm.

http://www.melcor.com./formula.htm


A.L. Smith, H.M. Shirazi / Thermochimica Acta 432 (2005) 202–211 205

Fig. 1. Mass/heat flow sensor and sample chamber.

4. The mass/heat flow sensor

One realization of the mass/heat flow sensor that permits
simultaneous measurements of mass change and heat flow
from the same thin film sample is shown inFig. 1. This is the
sensor used in the MasscalTM G1. To the ceramic plate con-
stituting the top of the thermopile are applied thin layers of
gold that separate the lower side of the shear mode resonator
(QCM) from contact with a surface that would dampen its
vibrations. They also function as electrodes to conduct RF
power from the QCM oscillator electronics to the gold elec-
trodes on the top and bottom of the QCM crystal, and as heat
conduction paths from the QCM to the thermopile. Heat is
also conducted through the air gap between the bottom of
the QCM and the top of the thermopile. The thin film sam-
ple is applied to the top of the QCM crystal while outside
the apparatus by a variety of techniques described below. A
sample chamber (indicated only schematically here) rests on
the outer edge of the QCM crystal through an o-ring seal,
and contains ports for gas inlet and outlet. In the Masscal
G1 the sample chamber volume is 0.30 mL. Typical gas flow
rates of 10–20 cm3/min allow for rapid change in sample gas
composition within the chamber.

5. The apparatus
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Fig. 2. Subsystem for introduction of gas mixture with a volatile component.

an outer aluminum shield (3.1 kg), which is surrounded by a
10-cm inch layer of high quality insulation. The total mass of
the two shields is 3.67 kg. Heaters on two opposites sides of
the outer shield are powered from a dc supply controlled by
a high precision temperature controller capable of regulating
the shield to better than±0.005◦C from ambient to 110◦C.
To maintain a 10◦C difference between ambient and the heat
shield/calorimeter assembly requires 0.54 W of heater power.
The thermal time constant for cooling the calorimeter and its
heat shields is 17.3 h.

In QCM/HCC, changes in the measurement variables may
be induced by spontaneous chemical or biological processes
occurring within the sample film or by varying the gas com-
position in contact with the film in order to induce such
processes. In both cases it is convenient to employ a software-
based method of controlling gas composition. In both the
Drexel instrument and the Masscal G1, this is accomplished
with a separate subsystem based on mass flow controllers.
Fig. 2 shows one realization of the subsystem, used to con-
trol water vapor activity. For a liquid whose vapor pressure at
the temperature of the bubble-through container isPvap, the
partial pressureP2 of the solvent in the output gas stream is
[21]

P2 = Pvap

(
f2/(1 − Pvap)

f2/(1 − Pvap) + f1

)
. (19)

H
r
p l
p The
s oth
The mass/heat flow sensor and sample chamber mu
hermally isolated from its surroundings in order to al
recise calorimetric measurements. Fig. 1 of ref.[18] and
ig. 1 of ref. [3] show schematic diagrams of the sam
hamber of the Drexel quartz microbalance/calorimete
his instrument[2,19], the sample chamber/sensor comb
ion is placed in a cylindrical brass enclosure and imme
n a constant temperature bath taken from a Tronac M
250 calorimeter (see Fig. 2 of ref.[3]). The bath regulate

o ±0.0001◦C and may be varied from ambient tempera
o 45◦C.

In the Masscal G1[20], the sensor/sample chamber co
ination is mounted on an inner aluminum heat shield (m
.61 kg), which serves as the heat sink. This unit is encas
ere, f1 and f2 are the flow (in standard cm3/min) of car-
ier gas through the two mass flow controllers,Pvap the va-
or pressure of the liquid in the bubbler, andP2 the partia
ressure of the volatile component in the exit stream.
oftware for data acquisition and instrument control for b
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the Drexel system and the Masscal system includes programs
for variation of the partial pressureP2 in both increasing and
decreasing direction in stepwise or ramp fashion. This sub-
system may also be used to produce two-component mixtures
of non-condensible gases.

6. Electronics for data acquisition and control

Two firms provide RF oscillator electronics that can drive
a 5-MHz quartz crystal into resonance and provide outputs
of both the resonant frequency and the conductance voltage,
an intermediate quantity from which motional resistance can
be computed. These firms are Maxtek Inc. (Santa Fe Springs,
CA) and Stanford Research Systems (Sunnyvale, CA). The
Drexel University instrument employed Maxtek electronics
(Model PLO-10 phase lock oscillator and Model RQCM re-
search quartz crystal microbalance), and the Masscal G1 em-
ploys SRS electronics (the SRS QCM 100/25).

The thermopile output is measured with low-noise nano-
volt amplifiers provided by EM Electronics (Brockenhurst,
Hampshire, UK). For a 3-s integration time, typical achieved
short-term rms noise levels are 0.2�V, with drifts of <1�V/h
in well-equilibrated experiments.

Both the conductance voltage and the nanovolt amplifier
output are digitized by 16-bit A/D converters on a National
I the
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oughly the various limiting cases in which it is still possi-
ble to apply the Sauerbrey equation, but they are much more
limited than in the case of film/gas interaction.

7.2. Thermopile

Although the dimensions and thermal properties of the
material of which the thermpiles are made will determine its
absolute sensitivity, the geometry of the thermopile, the QCM
in close proximity with it, and the sample chamber sealing
to the top of the QCM, will determine what fraction of the
heat generated in the sample will flow down through the ther-
mopile. It is thus important to determine experimentally the
thermopile sensitivityS= 1/ε. In the Drexel University appa-
ratus, the sensitivity was determined electrically by determin-
ing the QCM crystal’s motional resistance and then exciting
the crystal at resonance. Under these conditions, the thermal
power dissipated by the quartz crystal isV 2

rms/Rmotional, and
a measurement of the mean square excitation voltage will de-
termine the thermal power generated by the crystal. Since the
crystal is driven to resonance in its normal operations, there
will always be a contribution to the total thermal power signal
from the heat generated within the crystal itself. This is cal-
culable fromRmotional, and it can often be 60–150�W. If the
motional resistance changes substantially in an experiment
due to gas sorption, the this crystal thermal power compo-
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nstruments PCI multi-purpose data acquisition board. In
rexel QCM/HCC, the frequency is measured with an
3131A frequency counter interface to a PC through an H

nterface. In the Masscal G1, the frequency is determine
ixing with a stable oven-controlled oscillator and coun

he frequency difference with the data acquisition boar
abView program to acquire the data and control the ex
ent has been developed for both the Drexel instrumen

he Masscal instrument; further details can be found in
19] and in the Masscal G1 operations manual.

. Calibration

.1. Quartz crystal microbalance

For a film interacting with a gas, Eq.(13)provides a quan
itative means of determining if any calibration is needed
he mass measurement. The numerator of the factor ou
he brackets can be expressed asmfilm/Afilm, the mass pe
nit area of the film. If the second term inside the bracke
1, then the Sauerbrey equation is obeyed and the QCM

rue gravimetric device. The correction factor is proportio
o the square of the film thickness, the film density and
lm’s shear compliance. Since most polymers are be
heir glass transition temperature at frequencies of 5 M
he time–temperature superposition principle[22,23]can be
sed to estimate the magnitude ofJ′ and thus the thickne
t which the Sauerbrey equation becomes inaccurate.

For QCMs interacting with liquid films, the problem
uch more complex. Tsionsky et al.[12] discusses tho
ent must be calculated and subtracted from the total s
o get the signal due to the gas/thin film interaction itsel

Because there are electronics challenges in determ
recise values of the motional resistance for the pur
f thermopile calibration, we are developing an alterna
ethod based on the dc power dissipation in a thin-film

istor on top of a quartz crystal[20].

. Thin film sample preparation

In order for both mass and heat flow sensors to operat
hin film sample must adhere to the top surface of the Q
nd be of uniform thickness. Powder or polycrystalline s
les cannot be used because such non-adherent mater
ot follow the transverse motion of the QCM surface.
echanical behavior of films on the quartz microbalance
een modeled by Kanazawa[24], who examined the amp

ude of the shear displacement in the quartz crystal and
verlying film for several cases. For a 1-V peak RF app
oltage typical of the Stanford Research Systems osci
river, the amplitude of the shear wave of a bare cryst
32 nm, but this amplitude is reduced by a viscoelastic c

ng.
Several methods have been used to prepare thin

amples for the QCM: dip coating, drop coating, spray c
ng, spin coating, and self-assembled monolayer (SAM)

ation. To achieve sample homogeneity and uniformity
est of these methods is spin-coating, if the film mat

s amenable to this treatment. The effect of non-unif
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thickness of films on the operation of the QCM has been
treated by several authors[12,25].

Since the measured frequency difference�f= f (crys-
tal + film)− f (crystal) is proportional to the mass per unit
area of the film, the total sample mass is obtained from Eq.
(2) as (�m/A)Afilm whereAfilm is the area of the film exposed
to the gas.

9. Sorption of gases in solid thin films and at surfaces

Markova et al.[26] have presented applications of a dou-
ble twin isothermal sorption calorimeter, which can be used
to determine the sorption isotherm and the differential en-
thalpy of sorption for solid powders. The quartz microbal-
ance/calorimeter described here can be used to determine
both sorption enthalpies and sorption isotherms on the same
thin film solid sample[18,27–29].

The sorption of a gas or volatile solvent A in a solid thin
film or on a surface is represented by

A(g) → A(absorbed) (20)

Suppose that a thin film of massmfilm absorbs a mass�mof
a gas of molar mass MM. The heat liberated by this process
is:

�
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i

exists (0.015 < H/Pd < 0.7 at 298 K). The critical point of the
�/� phase diagram isTc = 563 K andPc = 19 bar[30].

Historically hydrogen sorption isotherms for palladium
have been determined by one of three methods[30]. The
pressure–composition–temperature (p–c–T) relationship has
been studied from direct measurements of the partial pressure
of hydrogen above a palladium sample as a known volume of
the hydrogen gas is admitted into the sample container. Hy-
drogen can also be introduced into palladium by electrolysis.
The cell potential of an electrochemical cell has been used
to determine the hydrogen content of a palladium electrode.
The current through two electrochemical cells separated by
a palladium bielectrode membrane has been used to deter-
mine the diffusion coefficient of hydrogen in palladium. The
hydrogen content can also be determined by measuring the
electrical resistance of the palladium hydride.

The enthalpy of hydrogen sorption in palladium has
been measured either directly by calorimetric methods or
indirectly from p–c–T relationships (through the Clausius
Clapeyron equation) and electrochemical experiments. Since
hydrogen tends to absorb at very low pressures, distinguish-
ing between the energetics of the� phase formation and the
adsorption of hydrogen on the surface is not straightforward.
Most of the measurements performed before the 1970s were
in the�−� phase region. With improvements of the ultrahigh
vacuum technology, the data for the� phase have increased
o d
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Q = �m�Hsorption/MM (21)

here�Hsorption is the differential enthalpy of sorption
he gas by the thin film. Since heat conduction calorim
easures thermal powerP= dQ/dt, we obtain:

= dm/dt�Hsorption/MM. (22)

hus, the thermal power is proportional to the time deriva
f the mass signal, and the sorption enthalpy can be obt

rom the proportionality constant.
An example of the relationship between the thermal po

nd mass signals is the absorption of hydrogen gas in
alladium film[19].

0. Hydrogen sorption in palladium

0.1. Introduction

The palladium/hydrogen system has been studied e
ively as early as the 1860s. Palladium has a peculiar po
mong the group VIII metals. It has the highest hydrogen
bility and can absorb and desorb hydrogen under mild
itions very rapidly, forming a nonstoichiometric hydri
dHn [30]. Two different phases of the hydride can form

oom temperature depending on the hydrogen compos
he � phase for low H/Pd atomic ratios (H/Pd < 0.015)
he � phase at higher hydrogen concentration (H/Pd >
he plateau region or miscibility gap of the sorption isoth

s a region in which a solid solution of both� and� phase
ver the past decades. Flanagan et al.[31] have determine
he differential enthalpy for hydride formation,

1

2
H2(g) + 1

b− aPdHa → 1

b− aPdHb (23)

t 298 K to be−19.1± 0.5 kJ/mol H over the compositio
range 0 < H/Pd < 0.7, in excellent agreement with more
ent results[32].

0.2. Experimental

A thin palladium film was electrodeposited on the g
lectrodes of a QCM. The shift in the oscillation freque
9589 Hz) before and after the electroplating was used t
ermine the mass (221�g) of the palladium film. The film
hickness (141 nm) was calculated from the density of p
ium (12.0 g/cc) and the film area (1.27 cm2).

During the sorption experiments a N2/H2 gas mixture
hose hydrogen composition was changed periodicall

ng mass flow controllers under software control was pa
ver the Pd-coated QCM mounted in the sample cha
f the Drexel University apparatus. The H2 used was o
urity 99.9%. The result of one 14-h experiment is sh

n Fig. 3, and the sixth and seventh cycles of this run
hown in more detail inFig. 4. The sorption cycle consist
f 6 sorption/desorption steps, each of duration 550 s.

The mass and thermal responses of a clean gold su
n another reference QCM were measured for the same
attern used forFig. 3. Resulting thermal power changes
ach step change in hydrogen partial pressure were <0.�W
nd mass changes were <3 nm.
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Fig. 3. Thermal power and mass change generated in a 140 nm palladium
film subjected to cycles of increasing and decreasing partial pressures of H2

in an N2 carrier gas at 25◦C. Total pressure, 1.0 atm, initial H/Pd content
unknown (see text).

Fig. 4. Cycles 7 and 8 ofFig. 3—partial pressure of H2, adsorbed hydrogen
mass, and thermal power generated by H2 sorption by a palladium film.

10.2.1. Discussion of results
In Figs. 3 and 4, the thermal power signal is indeed the

time derivative of the mass signal, as predicted for sorption
processes by Eq.(22). Diffusion of atomic hydrogen in palla-
dium is far too fast to affect the observed kinetics. Diffusion
coefficients for hydrogen in palladium for the� phase[33]
are 1.3–3.1× 10−7 cm2/s, and for a film 140 nm thick the
time for equilibration of the hydrogen concentration is less
than 1�s.

There is a slow downward drift in the mass trace inFig. 3,
of−0.023% of the film mass per hour. This effect has been ob-
served by other researchers and is attributed not to a mass loss
but to the slow release of elastic stresses in the palladium film
[34]. It is known that palladium undergoes a volume expan-
sion of 11% during hydrogen sorption and in electroplating
[30]. The palladium film is firmly bound to the gold/quartz
layer. The volume expansion in the electroplating process re-
sults in a large strain on the QCM surface, which in turn has
a substantial effect on the oscillation frequency of the QCM
[35,36]. After the QCM is removed from the plating solution
the stress is slowly relieved.

When such a stressed film is further stressed by hydrogen
sorption, the shift in the oscillation frequency has two compo-
nents: a gravimetrical frequency shift following Sauerbrey’s
relation and a frequency shift due to the change in surface
stress. The exact magnitude of the stress-related frequency
s uartz
p gles.
I fre-
q low
[

w n-
c
t d-
i -
r s
d The
c ni-
t
K

ess
r does
a e os-
c
h f an
A
( e
H -
s

hift can be determined from measurements with two q
late resonators cut from a single crystal at different an

f an AT-cut and BT-cut resonator pair is used, the total
uency shift for each QCM is given in the equation be

35,36]

�fAT

f0
= KAT�SAT

τAT
q

− �MAT

ρqτAT
q

(24)

�fBT

f0
= KBT�SBT

τBT
q

− �MBT

ρqτBT
q

(25)

here fAT
0 and fBT

0 are the original resonant freque
ies of the AT-cut and BT-cut QCMs,�f is the shift in
he resonant frequency,�M is change in the mass loa
ng, �S is the change in the lateral stress,K is a stress
elated proportionality constant, andρ and τ are the mas
ensity and the quartz plate thickness, respectively.
onstantsKAT and KBT have almost the same mag
ude but the opposite sign,KAT = 2.75× 10−12 cm2/dyn and
BT =−2.65× 10−12 cm2/dyn.
For an AT-cut QCM the hydride formation induced str

esults in a decrease in the oscillation frequency as
n added mass loading, whereas for a BT-cut QCM th
illation frequency will increase. Cheek and O’Grady[37]
ave shown that the shift in the resonant frequency o
T-cut QCM overestimates the mass by a factor of∼2
�factual mass=−185 Hz,�fAT =−351 Hz), where the sam

loading in a palladium film with a BT-cut QCM will re
ult in no significant frequency shift (�factual mass=−185 Hz,
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�fBT =−20 Hz)[38]. Using an electrochemical quartz crys-
tal microbalance Liu et al.[39] calculated the mass of ab-
sorbed hydrogen from the electrochemical current and were
able to account for the shift in the oscillation frequency of a
10-MHz AT-cut QCM due to surface stress. A frequency shift
of −423 Hz was separated into the gravimetrical (−210 Hz
for 181 ng of hydrogen) and the surface stress components
(−213 Hz for a surface stress of 1071 MPa).

Table 1gives H/Pd ratios and differential enthalpies of hy-
drogen sorption (hydride formation and decomposition) dur-
ing the two sorption cycles shown inFig. 4. The massmi is the
observed mass at the beginning of a step, and�m=mi+1 −mi

is the mass change attributed to hydride formation or decom-
position during that step. The integrated heatQ is equal to
ʃP(t)dt, whereP is the thermal power signal, integrated over
the time of the step. Differential sorption enthalpies per mole
of absorbed atomic hydrogen were calculated for the individ-
ual steps from the integrated heats and mass changes.

The differential sorption enthalpies are a factor of 2 lower
than accepted experimental values. We believe that this dis-
crepancy is due to the residual stress in the palladium film
imparted during the electroplating process. Since the double
resonator technique was not used in this work, we used the
relationships results summarized above to estimate the actual
hydrogen mass in the palladium film in the present work. For
t .50
o ., the

T
D un-
c

m

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

s

Table 2
Differential sorption enthalpies of hydrogen in palladium (corrected for film
stress)

Average
H/Pd ratio

Hydride
formation or
decomposition

Average
�sorptionH
(kJ/mol H)

�sorptionH
corrected for film
stress

0.08 Formation −12.5 −25.0
0.17 −11.8 −23.6
0.22 −11.9 −23.8
0.26 −10.9 −21.8
0.29 −11.4 −22.8
0.32 −11.4 −22.8

0.35 Decomposition 8.0 16.0
0.31 8.9 17.8
0.27 9.4 18.8
0.23 9.9 19.8
0.18 10.5 21.0
0.13 11.8 23.6

Mean of enthalpy of hydride formation −23.3± 1.1
Mean of enthalpy of hydride decomposition 19.5± 2.6
Mean of absolute magnitude of sorption

enthalpy
21.4± 2.8

contribution of stress to the observed frequency shift is equal
to the contribution from change in mass. We have no way to
check this assumption without further experimentation.

In Table 2, we have averaged the results of each step from
the two runs shown inFig. 4, then applied the correction
for film stress. Given the experimental uncertainties, we can-
not identify any trend with increasing H/Pd ratio for either
the formation or the decomposition enthalpies. The mean
value of the absolute magnitude of all differential enthalpies,
21.4± 2.8 kJ/mol H, is in satisfactory agreement with the pre-
vious results of Flanagan et al.[31](19.1± 0.1 kJ/mol H) and
of Sakamoto et al.[32] (18.6± 0.3 kJ/mol H).

In order to compare our measured values of enthalpies
of hydrogen sorption with the literature values, the hydro-
gen content of the palladium film before exposure to hydro-
gen gas has to be known. It is known that an electroplated
palladium film can contain moderate amounts of hydrogen,
which form a chemically stable hydride at room temperature
[40–42]. This residual hydrogen is usually removed by heat-
ing the palladium sample to a temperature above its critical
temperature (Tc ≈ 300◦C) in vacuum. Without thermal treat-
ment of our sample and in the absence of a vacuum system
in the gas flow cell of the QCM/HCC, it was impossible to
remove all of the absorbed hydrogen. Therefore, the exact
hydrogen content of the palladium film was not known. We
could only estimate the range of the region of H/Pd ratio
o pres-
s son,
t d as a
n itial
h

he 5-MHz AT-cut QCM we take the actual mass to be 0
f the mass calculated from the Sauerbrey equation; i.e

able 1
ifferential hydrogen sorption enthalpies in a 141 nm palladium film,
orrected for stress in the palladiuma

i (�g) �m (ng) Q (�J) H/Pdb �sorptionH (kJ/mol)

.114 102 −641.3 0.10 −12.6

.216 57 −342.3 0.19 −12.0

.273 43 −264.8 0.24 −12.3

.316 39 −204.6 0.28 −10.5

.355 36 −202.6 0.31 −11.3

.391 32 −187.7 0.34 −11.7

.423 −45 181.4 0.37 8.1

.378 −46 204.8 0.33 8.9

.332 −47 222.2 0.29 9.5

.285 −53 263.3 0.25 9.9

.232 −66 344.9 0.20 10.5

.166 −106 630.0 0.15 11.9

.060 105 −650.6 0.05 −12.4

.165 58 −335.7 0.14 −11.6

.223 45 −257.7 0.20 −11.5

.268 38 −213.0 0.23 −11.2

.306 36 −207.4 0.27 −11.5

.342 34 −189.2 0.30 −11.1

.376 −44 176.7 0.33 8.0

.332 −44 195.1 0.29 8.9

.288 −46 215.6 0.25 9.4

.242 −53 259.9 0.21 9.8

.189 −64 335.0 0.17 10.5

.125 −109 635.5 0.11 11.7

.016 0.01

a Run 99-06-09-2, ref.[19].
b Nominal H/Pd ratio, uncorrected for initial hydrogen content of the film;
ee text.

acity
o the
d ies in
n the sorption isotherm based on the hydrogen partial
ure during the sorption/desorption cycles. For this rea
he change in mass due to hydrogen sorption is presente
ominal H/Pd mole ratio, uncorrected for the unknown in
ydrogen content of the film.

Variations in the energetics and hydrogen uptake cap
f palladium[30] have been attributed to several factors:
egree of surface cleanliness, the presence of impurit
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the palladium sample or hydrogen gas, sample pretreatment,
annealing, crystallinity and the number of defects in its lattice
structure, and the geometry of the palladium sample: size and
surface-to-volume ratio. Annealing of the palladium sample
increases the reproducibility of the measured quantities for
hydrogen sorption experiments, but it also reduces the hy-
drogen uptake capacity of palladium, since a relatively large
quantity of hydrogen can reside in the defects in the lattice
structure. One of the largest sources of scatter in the experi-
mental results of hydrogen sorption is variation of the surface
to volume ratio of palladium samples used[33,42]. Three dif-
ferent types of sites exist where hydrogen sorption can take
place: sites at the surface of palladium, sites within the lattice
structure of bulk palladium and sites within defects in the lat-
tice structure, and each site exhibits different energetics for
hydrogen sorption.

Our purpose in these measurements was not to make a
careful, definitive determination of enthalpies of hydride for-
mation in palladium, given the enormous literature on the
subject. It was to show that quartz crystal microbalance/heat
conduction calorimetry is a useful technique for studying
the thermodynamics of gas sorption in solid thin film. Be-
cause the gas sorption process may change the materials
characteristics of the film, the ability to do both gravimet-
ric and calorimetric measurements on same sub-milligram
sample with this measurement technology is a significant
a

1

1

en in
p ther-
m tion
f e
s

1
h

A )

c ship
b
s e
c n rate
b

P

w nd
ξ

t er of

Table 3
Some applications of quartz crystal microbalance/heat conduction
calorimetry

Field Application

Coatings Water uptake and softening of
pharmaceutical film coat materials[45]

Molecular solids Solubility and solvent uptake in C60

fullerene films[45]
Polymers Thermodynamic and rheological

property changes (plasticization) of
polymer films upon sorption of solvents;
sorption enthalpies, partition
coefficients, and changes in shear and
loss modulus; diffusion coefficients of
volatile components in polymers[18,19]

Proteins Water sorption isotherms and hydration
enthalpies of lysozyme[28]. Phase
transitions due to change of hydration
levels of phosphate buffers in
myoglobin/buffer films[46]. Label-free
detection of the binding of the
anticoagulant drug warfarin to a thin film
of human serum albumen[47]

Self-assembled monolayers Energetics of formation of
self-assembled monolayers[4,19]

Heterogeneous catalysis Reaction rate and mass build-up on a
platinum catalyst during the
hydrogenation of ethylene[48]

Microbiology Detection of the early stages of bacterial
growth on a nutrient medium by
monitoring simultaneously the mass
change and the metabolic heat evolution
[47]

the reaction and its catalyst turnover frequency, or hetero-
geneous rate constant. But the mass change at the surface
cannot be predicted from the reaction stoichiometry; it must
be measured. Often in catalytic reactions of hydrocarbons
there is a build-up of carbonaceous material at the surface,
termed catalytic fouling; in this case, the surface mass in-
creases with time. But in other cases the reactive species are
adsorbed layers pre-existing on the catalyst, which are de-
pleted by the reaction, producing a mass decrease. Because
of the sub-monolayer sensitivity of the QCM, the QCM/HCC
is well-suited to monitoring catalytic processes.Table 3gives
an example of such a study.

11.3. Growth of microorganisms

All living systems generate metabolic heat at various rates
during their life cycle. Biological microcalorimetry has been
extensively used to monitor growth in bacteria[43]. Bacte-
ria often show a proclivity to grow at surfaces rather than
in bulk solution, forming biofilms in the process[1]. The
QCM/HCC has been utilized to monitor the growth ofEs-
cherica colion a nutrient-containing agar surface applied as
a thin film on the QCM (seeTable 3). Changes in all three
properties—mass, heat flow, and motional resistance—are a
measure of the growth process.
dvantage.

1. Other modes of operation

1.1. Gas sorption by thin films

The data presented above are for sorption of hydrog
alladium. The QCM/HCC has been used to measure
odynamic and kinetic properties associated with sorp

or a number of other systems, andTable 3summarizes thes
tudies with their associated references.

1.2. Mass change and heat flow at the surface of
eterogeneous catalysts

For a bimolecular reaction

(g)+B(g) → [absorbed intermediates]→ products (26

atalysed at a solid surface, there is no simple relation
etween heat flow and mass change as in Eq.(22) for gas
orption. The thermal powerPor rate of heat liberation at th
atalytic surface is related to the heterogeneous reactio
y,

= �Hrxndξ/dt (27)

here�Hrxn is the enthalpy for the bimolecular reaction a
is the extent of reaction. Determining the variation ofPwith

he concentrations of reagents A and B can give the ord
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11.4. Chemical reactions in surface films in contact with
aqueous solutions

Reactions of soluble species with surface films are im-
portant in designing chemical[44] and biological[14] sen-
sors as well as in studying bioadhesion, biopolymers, and
lipid bilayers. QCM/HCC has been employed to measure
ligand–protein and protein–protein interactions at surfaces
and to characterize a widely used two-step zero-length
crosslinking procedure involving esterification reactions at
surfaces.Table 3contains the details and references.

12. Conclusions

The challenges in converting this new measurement tech-
nology from a unique laboratory apparatus to an instrument
useable in a chemistry or materials science lab have been
overcome with the introduction of the MasscalTMG1. Feed-
back and advice from early adopters of the technology will
be crucial in determining whether quartz crystal microbal-
ance/heat conduction calorimetry will become another useful
tool for the surface scientist or thin film technologist.
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