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We used an interface-sensitive resistance measurement technique to observe the time

evolution of the early stages of redox reactions at the interface between the metallic

oxide SrRuO3 and a silver epoxy electrode at around room temperature (∼ 280−320

K). On exposure to a reducing gas (CO or H2), the interface resistance gradually

increased. The time variation functions of the resistance increases for CO and H2 were

similar, although the magnitude was greater for H2 than for CO. After substitution

of O2 for the reducing gas, the interface resistance decreased to almost the initial

value, i.e., that before exposure to a reducing gas. The resistance variations can be

well explained by the time variations of the oxygen deficiency at the SrRuO3 interface

and subsurfaces as a result of reduction or oxidation. We regarded the reactions as

pseudo-first-order reactions, and evaluated the rate constants of the SrRuO3 redox

reactions at a SrRuO3-Ag interface. For the reduction (resistance increase) process, a

single exponential component was enough to fit the data, which suggests the reduction

proceeds successively from outside to inside the bulk. Adsorption of oxygen atoms in

the oxidation (resistance decrease) process involved several rate constants, at least up

to three exponential components, depending on the prior degradation by a reducing

gas. The effective activation energy of each redox reaction was evaluated from an

Arrhenius plot.
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I. INTRODUCTION

Conducting oxide materials are stable in air at ambient pressure. At room temperature,

common oxides are not reduced, even in a reducing environment, because the temperature

is too low. However, raising the temperature usually accelerates reduction and finally leads

to decomposition1. Recently, we used interface-sensitive resistance measurements to observe

the slow reducing reactions that occurred at a polycrystalline SrRuO3 (SRO)-metal interface

in a hydrogenous environment at a relatively low temperature (room temperature)2.

SRO is a stoichiometric conducting oxide with an undoped pseudocubic perovskite

structure3,4. Because of its high electrical conductivity and good lattice matching with

other perovskite materials, SRO is used as an electrode in functional oxide devices4. How-

ever, SRO annealing in forming gas (which contains H2) causes degradation as a result of

oxygen deficiency5–10. In most cases, annealing temperatures are higher than 200− 300 ◦C.

Our previous work2 showed that in hydrogenous environments surface/interface reactions

occur even at room temperature, at which bulk reactions do not occur.

In this study, we used a three-terminal resistance method to investigate time variations

of increases in the SRO-Ag interface resistance on exposure to a reducing gas, i.e., H2 or CO,

at room temperature2. We also investigated the time variations of decreases in the SRO-Ag

interface resistance after substitution of O2 for the reducing gas. These interface resistance

variations can be understood in terms of oxygen deficiency at the SRO-Ag interface and at

the SRO-Ag subsurfaces. Although room temperature is too low for bulk redox reactions,

such reactions proceed slowly at a surface/interface at room temperature, and can therefore

be used to follow the time variations of redox reactions with high accuracy by using a simple

resistance measurement technique.

II. EXPERIMENTAL METHODS

Polycrystalline SRO samples were prepared by using a conventional solid-state reaction

method. After careful mixing of SrCO3 and RuO2 powders, the mixed materials were shaped

into pellets and sintered at 1050 ◦C in air at ambient pressure. The pellets were crushed,

and the sintering process was repeated with an O2 gas flow. Scanning electron microscopy

observations showed that the grain size of the sintered SRO ranged from approximately 0.1
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to 1 µm11. The bulk sample quality was checked by measuring the four-terminal resistance

as the temperature varied in the range 4–300 K to observe a clear kink in resistance at 163 K

[see Fig. 2(b) in Ref. 2] due to the ferromagnetic transition3,4. For the interface resistance

measurements, the pellets were cut into pieces (∼ 3 × 2 × 0.5 mm3) and polished with

sandpaper (#2000). The sample pieces were cleaned with ethanol under ultrasonication for

1 min.

Electrical interface resistances were measured by using three-terminal (3T) sensing at

the interface between the sample and a conductive silver epoxy (EPO-TEK H20E, Epoxy

Technology, Inc.) pad (Fig. 1). In the 3T method, one of the current lines is common to

one of the voltage lines. The 3T method is therefore sensitive to the interface resistance

between a sample and the common electrode, in contrast to the bulk-sensitive four-terminal

method. Here we note that the V− terminal of the 3T method is on the opposite side of the

I− terminal. Because the current does not flow between the V+ and V− terminals (see Fig.

1), a bulk voltage drop is excluded by the 3T method. Furthermore, interface resistances

for SRO-metal are significantly higher than bulk SRO resistances2. We therefore consider

the 3T resistance as just the interface resistance of the SRO-Ag epoxy pad. In this study,

we used a dc method to measure the interface resistance. A Keithley 2400 source-measure

unit was used at an excitation voltage of 10 mV.

The experimental procedures were as follows. The 3T-wired SRO sample was set on a

copper-plate platform with a Si-diode thermometer. Then the copper-plate platform was

inserted into a cylindrical vacuum chamber surrounded by a mantle heater for regulating

the temperature. The ambient air in the vacuum chamber was pumped out to a pressure of

less than 1 mPa at room temperature. Measurements of the time variations of the SRO-Ag

interface resistance R(t) were then started. As a reducing gas, we used H2 gas (commercial

composition of purity 99.999%) or CO gas (commercial composition of purity 99.95%). The

pressure of the reducing gas in the chamber was set at 50 kPa and maintained for three

days. We then pumped the reducing gas out of the chamber by using a rotary pump to

below ∼ 3 Pa in ∼ 5 min, and immediately substituted O2 gas (commercial composition

of purity 99.999%) at 50 kPa. We continued to measure the variations of R(t) until it

was almost constant. After the measurements, the procedure was repeated under different

experimental conditions with the same sample. As discussed later, exposure to O2 gas almost

restored the SRO-Ag interface electrical conductivity to the initial value before exposure to

3
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the reducing gas. We repeated a series of measurements without sample exchange. The R(t)

measurements were performed at temperatures from 282 to 319 K. The effects of the H2 gas

pressure was also investigated by measuring R(t) at various H2 gas pressures below 100 kPa

at a constant temperature of ≃ 302 K.

III. RESULTS

Figures 2 and 3 show the time variations of the normalized resistance R(t)/R0 under

exposure to CO (Fig. 2) or H2 (Fig. 3) gas (P = 50 kPa) for 0 ≤ t ≤ 72 h, and substituted

O2 (P = 50 kPa) for t > 72 h, at various temperatures. In Fig. 4, we also show the enlarged

time variations of R(t)/R0 around t = 72 h. Each R0 value is defined as the initial resistance

just before exposure to the reducing gas. CO (H2)→ O2 denotes the process of exposure

to substituted O2 after CO (H2) exposure. During the measurements, the temperature was

regulated by a temperature controller in the presence of CO, H2, and O2 gas. In the CO

→ O2 process, the sample temperature measured at the copper-plate platform was kept

constant at all times. However, in the case of the H2 → O2 process, the temperatures were

slightly higher in the H2 gas environment than in O2, even when the temperature controller

was set at the same temperature, because the heat-exchange efficiency of H2 is higher than

that of O2. We therefore denote the temperatures by TH2
and TO2

in H2 and O2 atmospheres,

respectively.

The figures 2 and 3 show that R(t)/R0 gradually increases just after CO or H2 exposure,

and continues to increase, without reaching saturation. The rate of increase is greater at

higher temperatures for both CO and H2. The magnitude of the averaged increase rates

during 72 h in H2 is 10 − 60 times higher than those in CO. However, the exponential

behaviors in CO and H2 are similar (this is discussed later). During pumping of CO or

H2, a small decrease in R(t)/R0 (Fig. 4) was observed (this is also discussed later). After

substitution of O2 at t = 72 h, R(t)/R0 starts to decrease rapidly and finally recovers to

near the initial value, i.e., R(t)/R0 ≈ 1. Note that the decreases in R(t)/R0 for H2 → O2 are

much faster than those for CO → O2, i.e., the larger the increase in R(t)/R0 is, the faster

the decrease in R(t)/R0 is.

To show the time variations precisely, we show the data for the R(t)/R0 increases (Rinc)

for CO at 307 K [Fig. 5(a)] and for H2 at 309 K [Fig. 5(b)]. The time variations of R(t)/R0
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for CO fit the following function well:

R(t)

R0
= A0 − A1 exp(−kR

1 t), (1)

where A0, A1, and kR
1 are the fitting coefficients. In particular, kR

1 is an effective rate constant

for reduction of SRO. Note that A0 should be equal to A1 + 1 in an ideal case because of a

requirement of the initial condition (R(t)/R0 = 1 at t = 0). However, we regarded A0 as a

free parameter in the data analysis. For H2, the above function does not fit the data well,

especially for temperatures higher than ∼ 300 K. In the case of H2, it is necessary to add a

linear-time-dependence term:

R(t)

R0
= A0 − A1 exp(−kR

1 t) + κRt, (2)

where κR is a fitting coefficient. Hereafter, we use three parameters for fitting the Rinc

data for CO (A0, A1, k
R
1 ), and four parameters (A0, A1, k

R
1 , κ

R) for H2. The temperature or

pressure dependences of these parameters are discussed later.

Next, for analysis of the results for the R(t)/R0 decrease (Rdec), we categorized the data

into three types; (i) for CO → O2 at lower temperatures, (ii) for CO → O2 at higher

temperatures, and (iii) for H2 → O2 at all temperatures, as shown in Fig. 6(a)–6(f). To

clarify the time dependence, we defined O2-time (tO2
) as tO2

= 0, at which O2 was introduced

into the chamber. Use of a logarithmic-scale plot [Fig. 6(d)–6(f)] rather than a linear-scale

plot [Fig. 6(a)–6(c)] makes it easier to see the exponential decrease. Note that the Rdec

process involves (i) one, (ii) two, or (iii) three of the exponential terms, depending on the

above categorization, i.e.,

R(t)

R0

= B0 +
l∑

n=1

Bn exp(−kO

n
tO2

), (3)

where B0, Bn, k
O
n
(n = 1, 2, 3) are fitting coefficients; kO

n
indicates an effective rate constant

for oxidation of SRO, and similarly for reduction. The classification of l is as follows: (i)

l = 1 (single exponential component) for CO → O2 at T < 300 K [Fig. 6(a) and 6(d)], (ii)

l = 2 (two exponential components) for CO → O2 at 300 < T ≤ 317 K [Fig. 6(b) and 6(e)],

and (iii) l = 3 (three exponential components) for H2 → O2 at T ≤ 319 K [Fig. 6(c) and

6(f)]. Therefore, particularly in the case of H2 → O2, three time constants (fast, medium,

and slow) are involved in the oxidation reaction. The difference in l is discussed later. Note

5
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TABLE I. Effective activation energies obtained from Fig. 7 for reactions at SrRuO3-Ag interface.

reducing gas H2 CO

ER
1 (kJ mol−1) 57 21

EO
1 (kJ mol−1) 37 55

EO
2 (kJ mol−1) 43 66

EO
3 (kJ mol−1) 57 –

that the logarithmic-scale plots in Fig. 6(d)–6(f) are expressed as R(t)/R0 − B0 for the

vertical axes, where B0 ≈ 1.

The temperature dependences of A0, A1, k
R
1 , and κR for Rinc, and B0, Bn, and kO

n
(n =

1, 2, 3) for Rdec were determining by plotting them as a function of inverse temperature, as

shown in Fig. 7(a)–7(d), for Rinc in CO [Fig. 7(a)], for Rdec in CO → O2 [Fig. 7(b)], for

Rinc in H2 [Fig. 7(c)], and for Rdec in H2 → O2 [Fig. 7(d)]. Note that the effective rate

constants (kR
1 , k

O
n (n = 1, 2, 3)) strongly depend on the temperature and obey the Arrhenius

equation, i.e., k = k0 exp(−Ea/RT ), where k is the rate constant, k0 is the pre-exponential

factor, Ea is the activation energy, R = 8.31 J mol−1 K−1 is the gas constant, and T is the

temperature. Note that kO
1 for CO is connected smoothly across ∼ 300 K, from which the

values of kO
1 are obtained by using different fitting functions, i.e., l = 1 or l = 2 in eq.(3).

This implies that the selected fitting functions are appropriate. The Arrhenius equation was

used to evaluate the effective activation energies for reactions at the SRO-Ag interface; the

results are shown in Table I. Each ER
1 , E

O
n
(n = 1, 2, 3) corresponds to the effective activation

energy of kR
1 , k

O
n
(n = 1, 2, 3). Note that EO

n
(n = 1, 2, 3) increases with increasing n; the ratio

is
EO

n+1

EO
n

≃ 1.2− 1.3 (this is discussed later).

The coefficients A0, A1, κ
R, and B0, Bn(n = 1, 2, 3) are not strongly dependent on the

temperature except for A1, B1, B2 for CO. Note that the temperature variations of A1, B1, B2

for CO seem to be magnified, especially on the logarithmic scale, because the reaction

magnitudes for CO are much smaller than those for H2. The reaction magnitudes for CO

are therefore sufficiently small and increase with increasing temperature. In contrast, the

reaction magnitudes for H2 are relatively large and weakly dependent on temperature.

The pressure dependences of the reaction are shown by the R(t)/R0 curves obtained at

H2 pressures in the range 25−100 kPa at T ≃ 302 K in Fig. 8(a). Note that the O2 pressure

6
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is fixed to PO2
= 50 kPa, as before. As shown in Fig. 8(a), Rinc increases with increasing H2

pressure (PH2
), and the magnitude of Rdec is larger after higher PH2

exposure. The fitting

parameters as a function of PH2
are summarized for Rinc in H2 at T = 302 K [Fig. 8(b)],

and for Rdec in H2 → O2 at T = 301 K [Fig. 8(c)]. First, for the Rinc process [Fig. 8(b)],

the effective rate constant kR
1 hardly depends on PH2

. This is reasonable because the rate

constant is a function of temperature. It is important to note that the coefficient A1 is

proportional to PH2
(note the linear scale on the right vertical axis), and A0 is nearly equal

to A1 + 1. Furthermore, the linear-time-dependence term κR also shows PH2
dependence,

i.e., the higher PH2
is, the larger κR is. The origins of the pressure dependences are discussed

later. For the Rdec process [Fig. 8(c)], similarly to the case for the Rinc process, the effective

rate constants kO
n
(n = 1, 2, 3) are independent of PH2

; this is reasonable, as discussed above.

In addition, the coefficients Bn(n = 1, 2, 3) are nearly proportional to PH2
(note the linear

scale on the right vertical axis); this is discussed later.

IV. DISCUSSION

We now discuss the mechanism of Rinc during reducing gas (CO, H2) exposure, and

Rdec during O2 gas exposure. The time variation functions used above to fit the R(t)/R0

data can be explained in terms of oxygen deficiency. In a reducing gas environment, oxy-

gen atoms near the surface/interface are expected to leave the surface/interface through a

reduction process, even at room temperature12. In contrast, in an O2 gas environment, oxy-

gen vacancies are filled with oxygen atoms again through the oxidation process. Figure 9(a)

shows schematically that an oxygen atom at the SRO surface/interface recombines with a H2

molecule that is approaching the surface/interface. As shown in previous studies13, oxygen

deficiency results in low electrical conductivity. Thus, R(t)/R0 at the SRO-Ag interface is

expected to increase in a reducing environment, as previously reported2. We assume that

the generation of oxygen vacancies in SRO occurs as follows: SrRuO3 + xCO → SrRuO3−x

+ xCO2, or SrRuO3 + xH2 → SrRuO3−x + xH2O. Here, we consider the reactions to be

pseudo-first-order reactions if the reducing gas contents are kept constant because excess

reducing gas was used in the experiments. We therefore consider that the reactions de-

pend only on the oxygen contents at the surface/interface. The oxygen-deficient process can
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therefore simply be described by the following rate equation14:

−
d(C0 − x(t))

dt
= kR

1 (C0 − x(t)), (4)

where C0 is the initial content of oxygen around the silver epoxy pad at the surface/interface,

x(t) is the number of oxygen vacancies at time t, and kR
1 is the effective rate constant for

the reduction. Therefore C0 − x(t) represents the oxygen content around the pad at time t.

By solving differential eq.(4), we obtain x(t) = C0[1 − exp(−kR
1 t)]. Assuming that the

surface/interface resistance change ∆R is proportional to the number of oxygen vacancies

x(t),
∆R

R0
=

R(t)− R0

R0
=

R(t)

R0
− 1 = αx(t), (5)

where α is not a simple constant but a type of function without the variable x(t). The fitting

function for R(t)/R0 for reduction is derived as follows:

R(t)

R0
= 1 + αx(t) = 1 + αC0 − αC0 exp(−kR

1 t)

= A0 − A1 exp(−kR

1 t), (6)

where A0 = A1+1 and A1 = αC0. As A1 is proportional to PH2
in Fig. 8(b), α is proportional

to PH2
. Here, we consider that α has a physical meaning and refers to the collision frequency

of the reducing gas with the surface/interface because a larger α should lead to a larger ∆R

R0

(note that α is a dimensionless parameter in this study). The collision frequency z of gas

molecules attacking the surface is expressed as z = P√
2πmkBT

, where P is the gas pressure,

m is the mass of a gas molecule, kB is the Boltzmann constant, and T is the temperature15.

Therefore, taking m into account, the ratio of z for CO and H2 at a certain temperature and

pressure is calculated as
zH2

zCO
≃ 3.7. The value is close to the ratio A1(H2)

A1(CO)
∼ 3.8 at ∼ 318 K.

This confirms that the fitting function of eq.(6) is reasonable. Note that the ratio A1(H2)
A1(CO)

at

low temperatures is apparently larger than 3.7 (∼ 17 at ∼ 291 K, ∼ 13 at ∼ 300 K, and ∼ 9

at ∼ 308 K). Presumably because A1 is too small for CO in the early stage of the reaction

at low temperatures compared with that for H2, the ratio A1(H2)
A1(CO)

seems to be large.

However, the additional term in the experimental linear-time-dependence κRt under H2

exposure is not explained by only eq.(6). The origin of the linear term might not be the

simple oxygen deficiency described above. We propose that a possible origin is a secondary

reaction at the SRO surface/interface with generated H2O because the κRt term is necessary

to fit the data only for H2, not for CO. For example, a reaction such as SrO + H2O→ Sr(OH)2
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would disturb the surface/interface SRO atomic rows7, which would increase R(t)/R0. The

other possibility is that the generated H2O is incorporated into the SRO-Ag interface. For

example, the resistances of oxide films (TiOx
16 and Al-doped ZnO17,18) containing grain

boundaries change in a high-humidity environment. At present, the origin of the linear

term κRt is unclear. However, the above scenarios are experimentally consistent with the

pressure dependence of κR, i.e., a higher κR at a higher PH2
[Fig. 8(b)], because H2O

generation would increase with increasing PH2
. Here, we regard the amount of residual H2O

(not generated H2O) left in the experimental apparatus, i.e., from gas bottles and gas lines,

as trivial because R(t)/R0 was almost kept constant with time before exposure to reducing

gas in each experimental run [see Fig. 2 and 3].

In contrast, the oxidation process under O2 exposure, as seen in Fig. 9(b), can be

described by the following differential equation, similarly to the Rinc process:

d(C0 − x(t))

dt
= kO

1 x(t), (7)

where C0 and x(t) are the same as in eq.(4), and kO
1 is the effective rate constant for oxidation.

By solving eq.(7), we obtain x(t) = x0 exp(−kO
1 tO2

), where x0 is the initial number of oxygen

vacancies at tO2
= 0. Similarly to eqs.(5) and (6),

R(t)

R0
= 1 + α′

1x(t) = 1 + α′
1x0 exp(−kO

1 tO2
)

= B0 +B1 exp(−kO

1 tO2
), (8)

where α′
1 is similar to α, B0 = 1, and B1 = α′

1x0. The simple form, i.e., eq.(8), explains

the single-exponential process (l = 1) for Rdec of CO → O2 at low temperatures when

∆R/R0 < 5%. As seen in Fig. 8(c), B1 is proportional to PH2
, which means that x0 is

proportional to PH2
. It is reasonable to suppose that the initial number of oxygen vacancies

x0 (at tO2
= 0) should be proportional to PH2

(as discussed above). Here, α′
1 would be

proportional to PO2
by analogy with α for PH2

. However, we consider α′
1 to be constant in

this experiment because PO2
is fixed at 50 kPa. Figure 8(c) shows that the coefficients B2

and B3 are also proportional to PH2
, which suggests that B2 and B3 are also proportional

to x0. We therefore assume that the processes with two or three exponential components

(l = 2, 3) are based on the same mechanism as that for l = 1. We consider that each

exponential term exp(−kO
n tO2

)(n = 1, 2, 3) corresponds to a different oxidation rate, i.e.,

kO
1 , k

O
2 , and kO

3 correspond to slow, medium, and fast rate constants, respectively. Each
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coefficient (B1, B2, B3) and each effective activation energy (EO
1 , E

O
2 , E

O
3 ) also correspond

to slow, medium, and fast oxidation processes, respectively. These deductions show that

reactions with different rates occur in parallel. Recall that only a single or two exponential

components are necessary for the oxidation of CO → O2, whereas at least three components

are necessary for H2 → O2, which reflects the magnitudes of ∆R/R0. The larger ∆R/R0

implies that the oxygen deficiency spreads not only just below the surface/interface but also

deeper into the subsurfaces.

Here, we simply assume that the rate constants kO
1 , k

O
2 , k

O
3 , which differ approximately

tenfold, correspond to the reaction at the topmost surface/interface, the second-top one,

and the third-top one, respectively [Fig. 9(c)]. We note that Fig. 9 is a solely speculative

picture in which we show the different rate constants depending on the depth below the

surface/interface. This model is supported by the order of the magnitudes of the effective

activation energies (Table I). For example, EO
1 is naturally the smallest among the EO

n values

because the reactivity should be highest at the surface/interface. EO
2 is 1.2 times larger than

EO
1 , and EO

3 is 1.3 times larger than EO
2 . This suggests that the effective activation energy

increases from the surface/interface to subsurfaces deeper inside the bulk. The reactivity

inside the SRO away from the surface/interface should be strongly temperature dependent

because a higher temperatures considerably accelerates the inside reactions. We therefore

consider that EO
1 , E

O
2 , and EO

3 correspond to the effective activation energies at the topmost

surface/interface, the second-top one, and the third-top one, respectively. In terms of the

order of the rate-constant magnitudes, i.e., kO
3 > kO

2 > kO
1 , stronger forces would yield

larger rate constants. Because oxygen deficiency must be energetically more unstable inside

the bulk than at the topmost surface, replenishing oxygen atoms at the deficiency sites

at the deeper subsurfaces would yield stronger forces. The magnitudes of the coefficients

Bn(n = 1, 2, 3) are not equal but B3 > B2 > B1, as shown in Fig. 8(c). Considering

Bn = α′
n
x0, similarly to eq.(8), the difference in Bn indicates the difference in α′

n
or x0.

Generally, the oxygen deficiency x0 at a layer deeper than the surface/interface should be

less than that near the surface/interface. However, The Bn order indicates the opposite

trend. We therefore suppose that α′
n
indicates that oxygen atom adsorption is strongly layer

dependent, which shows that α′
n
increases with increasing n. In other words, the probability

of oxygen atoms replenishing deficiency sites in deeper layers is higher than that of sites at

the surface/interface being filled. Note that the order B3 > B2 > B1 is consistent with the
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data shown in Fig. 7(d) at the same pressure, i.e., PO2
= 50 kPa. In this work, we considered

multicomponent kO
n
processes up to n = 3. However, numbers higher than n = 3 would be

necessary if the oxygen deficiency expanded into deeper layers from the surface/interface,

with larger ∆R/R0.

Here, we reiterate that R(t)/R0 decreases even during the pumping of the reducing gas

before O2 is substituted (Fig. 4). The magnitude of ∆R/R0 is small for the entire resistance

decrease. However, it is larger than the value expected from the temperature decrease (1−2

K) due to pumping out of the thermal exchange gas. The magnitude of ∆R/R0 due to the

temperature change is estimated to be 1.1× 10−3/K above 163 K from Fig. 2(d) in Ref. 2.

This implies that pumping reducing gas also contributes to the refilling of oxygen vacancy

sites. If some intermediate reduction states such as water-like species of O-H2
19 adsorb on

the SRO-Ag interface, pumping reducing gas may cause some of the reverse process, i.e.,

oxygen atoms going back to the vacancy sites. Furthermore, when H2 is used for reduction,

the generated H2O may be incorporated onto the SRO-Ag interface and contribute to Rinc,

as mentioned before. Thus, part of Rdec during H2 pumping may include the H2O evacuation

effect. As seen in Fig. 4, however, we stress that the major origin of Rdec is O2 exposure

in this experiment. The interface resistance decreases to almost the initial value, i.e., that

before exposure to a reducing gas, probably because oxygen vacancies are forced to refill

with oxygen atoms under O2 exposure.

We note that the temperature dependence of the 3T resistance exhibited metallic behavior

after exposure to the reducing gas, as well as before exposure [see Figs. 2(d) in Ref. 2 and S1

in the supplementary material]. Oxygen vacancies generated by reducing gas exposure could

act as lattice defects in the metallic states, causing increased interface resistance. However,

we also note that additional defects may play a role in the R(t)/R0 variation because the

surface composition of SRO was not evaluated by surface-sensitive measurements except for

the 3T resistance measurements.

In summary, for the Rinc process, oxygen deficiency progresses gradually with a single

exponential component for both CO and H2, except for the linear-time-dependence term.

A single exponential component means that reduction occurs successively from the top sur-

face/interface to the subsurfaces. The linear-time-dependence term might be related to a

secondary reaction and/or incorporation of H2O into the interface. Exposure to CO gener-

ates low oxygen deficiency at room temperature, whereas H2 causes high oxygen deficiency.
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Single or multiple exponential components appear in the Rdec process and reflect the degree

of oxygen deficiency. A single exponential component is sufficient for CO → O2 at T < 300

K, but at least three exponential components are necessary for H2 → O2. In the Rdec pro-

cess, oxygen atoms are adsorbed at deficiency sites, with the fastest rate at the deeper sites

below subsurfaces, and the slowest rate at the topmost surface/interface sites. Future work

will seek to clarify the depth dependence in the SRO redox reaction by direct measurement

via in situ secondary ion mass spectrometry.

V. CONCLUSIONS

A three-terminal method was used for interface-sensitive measurements of electrical resis-

tance, we studied the time variations of reducing and oxidation reactions at a SrRuO3-silver

epoxy interface on exposure to CO, H2, and O2 gas at room temperature. The reducing

process can be described as a pseudo-first-order reaction that causes oxygen deficiency, and

this increases the interface resistance with a single exponential component. By extension,

the oxidation process can also be explained by a similar model, in which oxygen atoms

are adsorbed near the surface/interface in multiple ways. This shows that the interface

resistance decreases for multiple exponential components. In this work, we showed that

interface-sensitive resistance measurements provide a good sensing method for detecting

reaction precursors at the interfaces of conducting materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the temperature dependence of the 3T resistance

before and after H2 gas exposure.
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I+V+ I-V-

I I
I I

V

SRO sample

Interface resistance

Ag epoxy 

pad

(a) wiring (b) circuit diagram

FIG. 1. Schematics of (a) wiring and (b) circuit diagram of the electrical resistance measurement

for three-terminal (3T) method. Interface resistance marked in red is measured.
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FIG. 2. Time variations of normalized resistances R(t)/R0 of SrRuO3-Ag in CO and O2 gas

atmospheres (50 kPa of CO at 0 ≤ t ≤ 72 h, and 50 kPa of O2 at t ≥ 72 h) at fixed temperatures:

(a) 290 K, (b) 299 K, (c) 307 K, and (d) 317 K. Right vertical axes denote temperatures.
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FIG. 3. Time variations of normalized resistances R(t)/R0 of SrRuO3-Ag in H2 and O2 gas atmo-

spheres (50 kPa of H2 at 0 ≤ t ≤ 72 h, and 50 kPa of O2 at t ≥ 72 h) at fixed temperatures. TH2

(TO2
) denote the temperatures in H2 (O2) gas atmospheres (TH2

are slightly higher than TO2
, as

discussed in the text). Right vertical axes denote temperatures.
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FIG. 4. Examples of the enlarged time variations of R(t)/R0 around t = 72 h for (a) CO →

O2 at 317 K (corresponding to Fig. 2(d)), and (b) H2 → O2 at TH2
= 319 K (TO2

= 316 K)

(corresponding to Fig. 3 (e)). Right vertical axes denote temperatures.
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FIG. 5. Examples of Rinc data analyses. R(t)/R0 vs time in CO at 307 K (a) and H2 at 309 K

(b). Thin solid curves denote fits using eq.(1) in (a) and eq.(2) in (b). Dashed curve in (b) is fit

using eq.(1), for reference.
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FIG. 6. Examples of Rdec data analyses. R(t)/R0 vs time in CO → O2 at 299 K (a, d), CO →

O2 at 317 K (b, e), and H2 → O2 at 299 K (c, f): (a–c) linear-scale plots, (d–f) logarithmic-scale

plots after subtraction of B0 values. Thin solid curves are fits obtained using eq.(3).
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FIG. 7. Rate constants (kR1 , k
O
1 , k

O
2 , k

O
3 ), t-linear term κR (left vertical axes) and fitting coefficients

(A0, A1, B0, B1, B2, B3) (right vertical axes) vs inverse temperature: (a) Rinc in CO, (b) Rdec in

CO → O2, (c) Rinc in H2, and (d) Rdec in H2 → O2.
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FIG. 8. H2 pressure (PH2
) dependence at 301–302 K of (a) R(t)/R0 vs time, (b) kR1 , κ

R (left vertical

axis), A0, A1 (right vertical axis) vs PH2
for Rinc, and (c) kO1 , k

O
2 , k

O
3 (left vertical axis), B1, B2, B3

(right vertical axis) vs PH2
for Rdec. Note that O2 pressure is fixed at PO2

= 50 kPa.
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FIG. 9. Schematic diagrams of reactions at topmost surface/interface of SrRuO3 in (a) H2 atmo-

sphere, with rate constant kR1 , and (b) O2 atmosphere, with rate constant kO1 . (c) When the degree

of oxygen deficiency is high (not only at the topmost surface/interface but also deeper subsurfaces),

not only kO1 but also faster rate constants (kO2 and kO3 ) appear in an O2 atmosphere.
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