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In situ surface coverage analysis of RuO,-catalysed
HCI oxidation reveals the entropic origin of
compensation in heterogeneous catalysis

Detre Teschner?*, Gerard Novell-Leruth3, Ramzi Farra', Axel Knop-Gericke', Robert Schilogl’,
Laszlo Szentmiklosi?, Miguel Gonzalez Hevia3, Hary Soerijanto?, Reinhard Schomacker?,
Javier Pérez-Ramirez® and Nuria Lopez3*

In heterogeneous catalysis, rates with Arrhenius-like temperature dependence are ubiquitous. Compensation phenomena,
which arise from the linear correlation between the apparent activation energy and the logarithm of the apparent
pre-exponential factor, are also common. Here, we study the origin of compensation and find a similar dependence on the
rate-limiting surface coverage term for each Arrhenius parameter. This result is derived from an experimental
determination of the surface coverage of oxygen and chlorine species using temporal analysis of products and prompt
gamma activation analysis during HCI oxidation to Cl, on a RuO, catalyst. It is also substantiated by theory. We find that
compensation phenomena appear when the effect on the apparent activation energy caused by changes in surface
coverage is balanced out by the entropic configuration contributions of the surface. This result sets a new paradigm in

understanding the interplay of compensation effects with the kinetics of heterogeneously catalysed processes.

the rate of a desired chemical reaction!, has become an invis-

ible presence in our lives in the many chemical processes that
utilize such catalysts. The large majority of surface reactions are
temperature-dependent and obey the Arrhenius dependence; in
other words, the rate (coefficient) is an exponential function of
temperature. One peculiar observation is that for systems with
varying activation energy, the activation energy E,,, and pre-expo-
nential factor A,,, (parameters derived from Arrhenius analysis)
can be interrelated. This ‘compensation’ phenomenon, also
known as the Constable-Cremer relation, is a linear correlation
between E,, and A, such that*™

| | eterogeneous catalysis, a technology that selectively increases

InA,,, =mEy, +¢ (1)
where m and ¢ are constants.

Compensation phenomena may occur when the nature of the
catalyst is systematically modified, the reactant is changed (within
a family of related compounds) or when the pressures of the reac-
tants and/or products are modified. The effect of a change in
pressure is demonstrated with an experimental investigation of the
Constable-Cremer relation for the Deacon reaction (gas-phase
HCl oxidation; 4HCI 4O, < 2Cl, + 2H,0) in Fig. 1. This reaction,
currently undertaken on an industrial scale over RuO,-based cata-
lysts®~, is an energy-efficient process used to manufacture chlorine
from by-product HCI!*!! and will serve as our example to study this
phenomenon further.

A number of explanations for compensation have been proposed
in the literature®. Classical views consider the Constable-Cremer
relation to be a thermodynamic balance between the activation
enthalpies and entropies when equation (1) is written as the

Eyring version of transition state theory'?. Bond et al.® reviewed
the topic extensively and deduced that compensation can occur
when the apparent Arrhenius parameters (that is, the rate and not
the rate coefficients) are used to derive the Arrhenius parameters.
As the rate is usually a complex function of the rate coefficient
and surface coverage term(s), this implies that coverage is a
crucial ingredient of the phenomenon. It has been postulated,
however, without direct evidence, that compensation might be
related to the temperature dependence of surface coverage.

Pioneering theoretical support for the key role of coverage was pub-
lished by Bligaard et al.'® on the basis of density functional theory
simulations and microkinetics. Compensation was analysed from
changes in the binding energy of surface intermediates, which
induce a switch in the kinetic regime. It was shown that the stability
of surface species modulates the coverage of free sites, which in turn
affects both the activation energies and the pre-exponential terms.
To obtain the Constable-Cremer relationship, the presence of a
linear dependence between the activation energy and the enthalpy
change of the critical reaction step (Brensted—Evans-Polanyi relation-
ships, BEP) was invoked. Later, microkinetic studies extended
Constable-Cremer relationships to other model systems!*. Monte
Carlo simulations for adsorption also identified coverage terms as
being responsible for compensation in adsorption’®.

All the investigations reported above are based on theoretical simu-
lations on model systems and, because of the difficulties in quantifying
the surface coverage of the reactants under reaction conditions, to
date, no direct experiments have substantiated these theoretical
insights. Here, we use state of-the-art experiments and calculations
to show that a catalyst under different reaction conditions can yield
the same activity, provided that the coverage terms of critical
species are equal, and, at the same time, we show that a variation of
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Figure 1| Constable-Cremer relation for HCI oxidation over
RuO,/Sn0,-AlL,0;. The Arrhenius parameters determined at different feed
(O,/HCI/N,/Cl,/H,0) compositions correlate with one another and fulfil
the Constable-Cremer relationship. Estimated isokinetic T is 671 K. RuO, is
the active phase, SnO, is the carrier, and Al,Oj is used as a stabilizing agent
and as the binder to prepare the technical catalyst (for details see ref. 11).
Details of the individual Arrhenius experiments and parameters, and their
standard errors, are given in Supplementary Fig. S1 and Table S6.

the reaction conditions gives rise to a Constable-Cremer relation. We
link these two observations by introducing the term ‘surface config-
urational entropy’ to give a microscopic understanding of why cover-
age variations imply simultaneous changes in the activation enthalpies
and entropies. We suggest that most compensation effects reported in
heterogeneous catalysis can be derived on this basis.

Results and discussion

Model reaction. Surface reactions involve several elementary steps,
and their kinetics may be understood by the use of reaction
schemes. Many reactions, including but not limited to
hydrogenations and oxidations, follow a general scheme with
dissociative adsorption of H, or O,. For the particular case of a
reaction with stoichiometry, 1/2A,+ B <> AB, the Langmuir-
Hinshelwood-Hougen-Watson mechanism can be written

1/2(A, + 2" < AT (R1)

1/2(A% < 2A%) (R2)

B+*< B (R3)

A* +B* < AB* +* (R4)

AB" < AB+* (R5)

where the elementary reactions (R1)-(R5) are reversible

microscopically and the number of surface sites is constant.
Assuming that the dissociative adsorption of A, is the rate-
determining step (alternatives are presented in Supplementary
Table S1), the rate can be written as

1 172 o+ [ Pa2 12
=ik e (B2) - p) @)

where K, and k, are the thermodynamic constant and kinetic rate
coefficient for A, adsorption and dissociation, respectively, p;

740

represents the partial pressure of A,, B or AB, p° =1 bar, ©* is
the fraction of free sites and

1/2

_ LPAB(pO)

Ky pi’ps
is the approach to equilibrium for the overall reaction (where K, is
the overall thermodynamic constant).

Common practice indicates that for reactions to be industrially
appealing they should be driven near or not too far from the
maximum given by the Sabatier principle, which corresponds to
the area of optimum binding energy of the critical reactant
species!®. Therefore, to reach efficiency, it is desirable that catalytic
surfaces are highly populated under operating conditions, implying
that the quantity of empty sites @* is low (to improve the prob-
ability of surface reactions), as suggested from kinetic Monte
Carlo simulations'”. The configurational entropy associated
with empty sites on the surface can be expressed as the logarithm
of the binomial coefficient of the empty N* and total N
lattice positions S = RIn(N!/N*I(N — N")!),!® or, equivalently,
S=—RO"'In O, where R is the universal gas constant. The
reduction of the configurational entropy associated with A, adsorp-
tion is given by AS. = RIn®" + R This is clearly seen in
Supplementary Movies S1,2, where the number of configurations
W is larger for the surface with a lower occupancy. For details on
the derivation of S and the number of microstates W, see
Supplementary Section S5. Equation (2) can then be rewritten as

1 2 (Paz)"” *
r=1 (k) (P_O> (1= B) exp(in[67])
1 . 3
k) (%) (1= B) exp[AS.nt/R — 1]

which demonstrates the appearance of the entropic contribution
related to the smaller number of surface configurations as a result of
adsorption of A,. The rate can be further expressed in the Eyring
form?'2, that is, in terms of enthalpic and entropic contributions:

AH* AS, o0
roc A exp ~RT exp R

= o[BS+ ASnr) _AH?
=P R P\ ™kt

where the molecular prefactor A = (v/NOe2 (2mwmky T)l/ 2)1/2 is
usually referred to as the thermal entropy contribution, AS,
and contains the loss of translational freedom of A,, and v is
the attempt frequency for dissociation associated with reaction
(R2) (vibrational entropy contributions of the transition and
initial states). Bligaard ef al.!* found the molecular prefactors to
be rather constant (with a maximum variation of 10%). AH? is
equivalent to the apparent activation energy through the expression
Eprpp = AH¥ + RT (ref. 19). Thus, we have identified a new form of
entropy related to the available configurations of active sites.
Going back to the Constable-Cremer relation, the Arrhenius
parameters can be derived!® according to the equations

4)

dinr 1
— p2
EAPP =RT dar = 2 (AHI + Ea,Z) —AH,60,,

+ (AHy + AH, + AH;) 0, — AH, 0, (5)
B
+ AH, O, + WAHg
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and

E
InA App = In(r) + —}:; P

1 , ) E
= 1n(i (K, k) piror (1 — B)) + % ©6)

The reader should note that equation (5) represents an analytical
form of the phenomenological Temkin equation®*?!, where the
apparent activation energy is reported to contain a part of the
barrier from the rate-determining step with the addition of
the adsorption enthalpies weighted by the coverage. Changes in
the pressure of A,, B and AB affect the coverage of all species
on the surface, including the free sites. External pressures need to
change by large amounts to affect coverage terms significantly, as
A and B species compete for the same sites. Although the coverage
term stored in the rate is smoothed by the logarithmic function, the
contribution in E App 1S linear (equations (5) and (6)). Thus, the cov-
erage will contribute to E,,,, and In A, in a similar form, except
if the rate is changed dramatically.

Accordingly, coverage variations can be responsible for modifi-
cations in both AH* and AS_, so equation(4) adds to the
interpretation of the coverage effects in compensation by indicating
that coverage modifications imply configurational entropy contri-
butions that impede dissociative adsorption of reactants on
crowded catalytic surfaces.

Compensation phenomena have been described for other
activation processes, such as diffusion, electrical conduction and
dielectric relaxations?. In a few cases, entropy terms have been dis-
cussed as the missing link for compensation. Examples of these
interpretations can be found for phase transitions?®, or in models
as the ‘multi-excitation entropy?? in which a higher barrier was
thought to require a larger amount of molecular excitations. The
surface configuration of the catalyst has a somewhat similar role
in our description above.

HCI oxidation on RuO, catalysts: experimental assessment of
coverage dependences. To date, coverage has been an elusive
variable and highly challenging to quantify experimentally, so its
key role in compensation phenomena has only been suggested
theoretically>*-15. However, coverage can be quantified by
modern experimental methods. Our case study, HCI oxidation on

RuO,, was shown to fulfil the Constable-Cremer relationship

Ob Ru<:us O3fc

Figure 2 | Schematic representation of the RuO,(110) surface. The surface
contains three types of site: coordinatively unsaturated Ru sites (Ru,),
two-fold coordinated (O5;.) and bridging O (O,).
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(Fig. 1) and follows the mechanism (D1)-(D6) below (refs 24-29),
for which the rate expression r~r, = K500, —1k_,6, =
(K, ky) / pg/j O*(1 — B) (see Supplementary Sections S5,6 for
the derivation) has the same form as equation (2):

0, +2" < O (D1)

0} < 20° (D2)

HCl 4+ O*+* <> OH" + CI* (D3)
2CI* < Cl, +2* (§82))
20H* < H,0* 4+ O* (D5)
H,0* < H,0 +* (D6)

The surfaces of most RuO, facets show two types of site of interest
(Fig. 2), coordinatively unsaturated Ru atoms (Ru,,) and bridging
O atoms (or bridging Cl under Deacon conditions)*. Evolution of
H,O or Cl, from bridge sites is not feasible (Supplementary
Table S2), so it is the Ru,, sites that play a dominant role in the
reaction”>?®, Chlorine recombination from Ru,,, positions is the
most energy-demanding step?>*”-?, but at very high chlorine
coverages, typical in the Deacon operation, the rate-determining
step is catalyst re-oxidation®. Despite the somewhat more
complex reaction scheme, the Deacon reaction fits well into the
general model discussed above (compare (D1)-(D6) to (R1)-(R5)).

The temporal analysis of products (TAP) technique®®3! enables
evaluation of the oxygen coverage under reaction conditions while
decoupling oxygen activation (D1)-(D2) and chlorine formation
(D3)-(D6) steps. With this approach, the oxygen coverage can be
modified quantitatively by varying the time delay between the O,
and HCI pulses. To achieve this, experiments were conducted in
the Knudsen diffusion regime as this ensures (i) a linear relationship
between the area of the response and the amount of gas dosed and
(ii) that the shape of the transient responses is independent of pulse
size. By pulsing a mixture of Ar:O, (1:2) over a pre-chlorinated
RuO, sample and over a blank reactor (loaded entirely with inert
quartz particles), the amount of oxygen adsorbed on the catalyst
as a function of time after pulse injection can be determined (for
TAP details see Supplementary Section S2). The amount of
oxygen adsorbed at time f is proportional to the difference in the
areas below the transient responses of O, between zero and that
time. The proportionality constant can be determined because the
number of molecules per pulse is calibrated (11.8 nmol per pulse)
and the total number of exposed Ru_, sites on the sample that
are able to adsorb oxygen is known (6.5 x 10'® sites/m?)28%,
Figure 3a shows that the oxygen coverage increases until nearly
1 s, where it reaches a maximum, and then decreases continuously
until it reaches zero at ~6s. As expected, the values of coverage
determined by TAP are noticeably lower than those determined
under flow conditions (Fig. 4). This is intrinsic to the nature of
the TAP experiment as a result of its operation in the sub-millibar
pressure range and the fact that the number of O, molecules per
pulse is 100 times lower than the number of exposed Ru sites
in the catalyst.

Pump-probe experiments were also carried out, consisting of
pulsing Ar:0, (1:2, pump) then Kr:HCI (1:2, probe), separated by
a time delay (Af) in the range 1-8s. The area of the chlorine
response was monitored by mass spectrometry as a function of
the time delay. Figure 3b unequivocally shows the linear dependence
of chlorine production and oxygen coverage, in line with surface
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Figure 3 | TAP experiments identifying the role of surface oxygen. a, Oxygen coverage on RuO, as a function of time after pulse injection in the TAP
reactor. b, Chlorine production as a function of oxygen coverage, as determined by the pump-probe experiment. Both experiments were conducted at 623 K.
Inset (b): pump-probe experiment, in which chlorine production is monitored when pulsing O, (pump), followed by a probe pulse of HCI. Error bars are
estimated from the accuracy in integrating the TAP responses and propagating the error throughout the whole calculation when averaging 10 pulse cycles.
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Figure 4 | In situ PGAA experiments evaluating the role of surface Cl. ab, Dependence of the rate of Cl, production during the Deacon reaction on RuO,
as a function of chlorine uptake and coverage of cus sites at 503 K (a) and of cus coverage by non-chlorine species at the two temperatures indicated (b).
The reaction rate is first order to the coverage of cus sites not occupied by chlorine. The reaction was carried out at atmospheric pressure with feed
composition O,/HCI/N, varied between 0:1:4 and 4:1:0 at a total flow of 166.6 cm® STP min™~". The coverage error bars include all deviation in calculating
Cl/Ru ratios (including determination of the PGAA peak areas) and propagating the error through all calculation steps. Activity error bars are estimated from

multiple iodometric titrations.

reoxidation (reactions (D1)-(D2)) being the critical step in the
reaction. From back-extrapolation of chlorine production to null
in Fig. 3b, it is estimated that the quantity of strongly adsorbed
species not counted in Fig. 3a but giving rise to reactivity
corresponds to a coverage of ~7 x 10°.

To determine chlorine coverage as a function of the feed compo-
sition for which the Constable-Cremer relation was retrieved, we
used cold neutrons to emit element-specific y photons. By measur-
ing these photons with a high-purity germanium detector, in situ
prompt gamma activation analysis (PGAA) could be performed at
ambient pressure’?**. Our DFT calculation indicates that the pen-
etration of chlorine atoms into the lattice is energetically very
demanding (>2 eV), so chlorination takes place exclusively in the
outermost layer by replacing some O, or by occupying empty
Ru_, positions, in agreement with ref. 24. This result enables the
use of the intrinsically bulk-sensitive PGAA as a surface-sensitive
technique for this particular problem. We first evaluated the
maximum amount of chlorine uptake for Ru_, and bridge sites
individually (Supplementary Table S3), as well as for when both
are occupied. The results indicate that each of these sites can be
populated equally, and the maximal occupation of Ru_, + bridge

cus
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sites is the sum of the independently populated sites. The
maximal occupation is defined as 100% coverage. Various
steady-state Deacon feed conditions were then applied, and we
found (Fig. 4a) that the reaction rate decreases linearly with
increasing Cl uptake (viz. increasing chlorine coverage). Because
the bridge sites hold chlorine species much more tightly
(Supplementary Table S2), the derived variation in coverage is
primary related to changes occurring at the Ru_ sites. The modifi-
cation of chlorine coverage can be expressed as coverage changes of
oxygen-related species (plus free sites). This is shown in Fig. 4b,
which includes data for two temperatures. Although the data are
somewhat scattered, a linear (first-order) dependence on the non-
chlorine coverage with a temperature-independent gradient can be
obtained:

r=kO(T.p,) (7)
The results in Fig. 4 indicate that the catalyst may exhibit the same
activity under very different conditions, provided that the non-
chlorine (oxygen) coverage is comparable. Under the range of reac-
tion conditions used and in the temperature range of interest, we
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Figure 5 | DFT-based microkinetic modelling of the Deacon reaction over RuO,(110) validates the effect of coverage in the compensation. a,b, Simulated
DFT-MK Cl, production as a function of calculated oxygen coverage (a) and non-chlorine coverage (b), for different temperatures and O,:HCl ratios p(HCI) =
0.2 bar; p(O,) = 0.05-0.8 bar. ¢, Corresponding Constable-Cremer representation for mixtures of p(HCI) = 0.1-0.3 bar, p(O,) = 0.05-0.8 bar, p(Cl,) =
0-0.1bar and p(H,0) = 0-0.1 bar, fitting In A,,, = 0.22E,,,-0.53; r=0.99. d, The origin of the Constable-Cremer relation is depicted as the dependence of
both the apparent energy and prefactor on non-chlorine coverage. Solid lines correspond to fittings to In®(T,p), the logarithm of the non-Cl coverage.

can rule out surface structural or morphological changes in the cat-
alyst because (i) the Arrhenius dependence (Supplementary Fig. S2)
is very smooth and (ii) the RuO, gives a formal p(O,) dependence of
0.4 in the whole temperature range. In comparison, the rate of the
model system (equation (2)) can also be linearized (Supplementary
equations (S16)-(S19)), with an almost independent coefficient
multiplied by a coverage-like term, as in equation (7).

Marrying experiments and theory through microkinetic
modelling: the origin of compensation. To link the
experimentally observed compensation, as well as the TAP and
PGAA coverage determinations, to the rationale presented in the
theoretical section, we performed microkinetic simulations (DFT-
MK) on the Deacon reaction based on our previous DFT results?6%°.,
These simulations aim to provide a consistent framework for the
understanding of the dependencies found and the origin of the
compensation. Multiple simulations at different temperatures and
initial pressure ratios were run to obtain the rate, the coverage of
relevant species, the Arrhenius dependencies and the Constable-
Cremer relationship (Fig. 5). For instance, at the temperatures at
which the PGAA experiments were performed with p(HCI):p(O,)
ratios between 025 to 4, a linear relation between chlorine
production and oxygen coverage (Fig. 5a) or non-chlorine coverage
(Fig. 5b) was found for a large range of coverage values (&(Tp;) =
0.05-0.20), following the trends in Figs 3b and 4b. Temperature and
relative inlet pressure changes imply modification of the non-chlorine
coverages, leading to a coverage term O(T,p,) that contains the T and
p contributions and a temperature-independent rate coefficient k in
the form of equation (7). It is possible to trace back why points from
different external variables produce the same rate (Table 1; see
Supplementary Tables $4 and S5 for all constants). The (K;k,)"/?

NATURE CHEMISTRY | VOL 4 | SEPTEMBER 2012 | www.nature.com/naturechemistry

term shows a relatively weak temperature dependence (10%).
Equations (2) and (7) imply that a change in the pressure (affecting
B, po,) and temperature (changing @) is balanced by the number of
free sites ©®*. This is indeed what shows up in the simulation of
conditions I (T'=523 K and p(HCl):p(O,) =3) and II (T'=543 K
and p(HCI):p(O,) =2), for which a very similar value of non-
chlorine species O(T,p,) is obtained (for conditions I and II see Table 1).

For a larger set of conditions (about 4,000 simulations with
different  p(HCl):p(O,):p(Cl):p(H,O) initial mixtures) the
Arrhenius dependence has been obtained. The calculated apparent
activation energy for the p(HCl):p(O,) reference mixture (1:1) is in
good agreement with the experiment (70 kJ mol ', Supplementary
Fig. S3). The apparent activation energy and prefactor pairs fulfil
compensation through the Constable-Cremer relationship pre-
sented in Fig. 5c. The DFT-MK simulations provide the non-chlor-
ine coverage for each of these simulations and thus it is possible to
analyse the dependence of E,,, and A,,, on this parameter
(Fig. 5d). Both apparent terms ci)epend similarly on the logarithm

Table 1 | DFT analysis of the different contributions to the
reaction rate.

Pa(ban T (K k)" O ru/Morrmc (ra/m)
| 0.6 52315 4.66 0148 1.00 1.00
I 04 54315 426 0150 1.00 0.99

Simulated conditions: (1) p(HC):;p(O,) =3, T=523K; (I) p(HCI):p(O,)=2, T=543K. DFT
calculated oxygen adsorption constant K; and kinetic coefficient for dissociation k,. Non-chlorine
coverage with respect to the maximum at a given temperature, @ = OF™-0,, as obtained from
the DFT-MK simulations. Also shown are the relative rates for points | and Il (r,,/r)prr.mk as
obtained from the DFT-MK simulations, and by the direct product of constants (K, k,)"/? and the
non-chlorine coverage on the surface, denoted (r,,/r)).
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of the coverage term. The reason for the signiﬁcance of In A App and the kinetic constants were derived from DFT and statistical mechanics'*.
becomes clear from equation (4) as it corresponds to the conﬁgura— Initial mixtures were used that contained p(HC'l) =0.1-0.3 ba.r,p(Oz).= 0.05-0.8 bar,
tional entropy, which is a measure of In@(T,p). As for E,, the [}(21%)0?()6—2%11(1:& and p(H,0) = 0-0.1 bar ratios and temperatures in the
contribution from the coverage terms expressed in equation (5) Full methods are available in Supplementary Sections S1 to S4.

can be rewritten in terms of In®(T,p,) and this is the leading term

in the expansion. Note that the higher-order terms corresponding  Received 28 March 2012; accepted 20 June 2012;

to the MacLaurin expansion of the natural logarithm of the coverage  published online 29 July 2012

in equation (5) are almost constant (Supplementary equations (20)—

(26)). Thus, the same coverage contribution that reduces the appar- ~ References
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