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Abstract—Some gencral considerations in the analysis of consumption and release of gas components in
reactions of a metal in Hy/H,0/0, gas are presented. Reactions of iron and copper at 160-300°C in H,'°0/
H,'*0/0Q; gas in the mbar pressure range were studied with mass spectrometry in a virtually dosed
reaction chamber. Data on oxygen and hydrogen uptake in the reaction products and fraction of oxygen
coming from reaction with water lead to conclusions concerning partial and complete water dissociation in
the reactions with the metals.

INTRODUCTION

The initial reaction of Fe and Cu with gas mixtures of H,0/O, at 10~ to 10~° mbar
pressurcs has been studied in siru with various Ultra High Vacuum (UHV) based
techniques.'™ The results from these studies cannot directly be used to forecast
kinetics and mechanisms of thicker reaction products formed at ambient H,0/O,
pressures. The high difference in water activity can change the reaction mechanisms
and kinetics.

Recently, a method for gas analysis has been developed in order to perform
studies of oxidation, corrosion and catalysis of different materials with
H,/H,'°0/H,®0/0, gas mixtures in the mbar pressure range at moderate
temperatures.*” The experimental technique is based on the mass spectrometry of
gas components in a virtually closed reaction chamber and has been used earlier in
dry oxidation at relatively high temperatures.® The gas analysis offers the possibility
of following the reaction kinetics in siti and also of calculating quantitatively certain
characteristic values in the solid reaction product formed in H,0/0, gas mixtures at
different temperatures. Such values are the H:O ratio and the fraction of O in the
product that comes from reaction with water.

Results from the reaction of iron at 300°C have recently been reported in this
journal’ and in this paper mainly gas analysis data from reaction of Fe and Cu at
160-300°C are presented. Some general considerations of the analysis of gas
consumption/gas release are presented followed by an analysis of the present data.
Finally these data are interpreted in terms of partial and complete dissociation of
H>O in the presence of O,.
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Table 1.  Summary of cxperimental conditions and results

Cu2s’C*  Cul6lPC Cu210°C  Cu300°C  Fe 180°C  Fe 180°C  Fe 300°C
(Fig 8)  (Fig.3)  (Fig.4)  (Fig.5)  (Fig.6) (Fig7)  (Ref 5)

M — 0.68 0.24 0.16 0.87 0.53 0.04
O.p
Owdio 0.60 0.65 0.60 0.52 0.70 0.60 0.69
O
iﬁ’— — 1.05 0.40 0.31 1.24 (.88 0.06
(Osp)HZO
Py, at start 200 6.5 35 6.5 1 21 13
(mbar)
Pu,o at start 28 13.5 6 18 9 26 28
{mbar) ’
Reaction time
(h) 2500 61 13 8 15 20 4
Sample area 5 1w - 50 35 100 50 50
Cub!
Gas volume 0.02 0.2 0.2 0.2 0.2 0.2 0.35
(dm*)
*Based on SIMS measurements,
EXPERIMENTAL METHOD

The experimental apparatus and experimental procedure were essentially the same as in the previous
studies.

Samples of Fe (29.7%) or Cu (99.996%), in the form of respectively, 1.5 mm and 2 mm diameter wire,
were ground with 800 mesh $iC paper and wound into the shape of a spring, The samples were then
ultrasonically cleaned in 99.5% ethanol and placed in the reaction chamber which was evacuated down to
107" mbar. (Plates of (.1 mm thickness were prepared in the same way and used in Secondary Ion Mass
Spectrometry, SIMS analysis.) In all exposures, with the exception of Fe at 300°C, the heated zone of the
reaction chamber was quartz. In Table 1 the initial O, and H,O pressures, reaction time, sample area, gas
volume, metal and temperature are shown for each experiment.

SIMS was used in analysis of two reaction produets formed on Cu. An Ar* beam at 4.5 kV and a
current density of ~10 4A cm™* were used in this analysis.

GAS ANALYSIS

General considerations of the analysis of gas consumption/gas release in
Me-H,-H,0-0, systems

For the analysis of gas consumption/gas release data to be adequate for reactions
with a given sample, the two following experimental conditions must be fulfilled: (i)
the consumption of gas in the detection system is negligible; and (ii) any
interference—consumption, release, catalytic activity—from surfaces other than the
material under study is negligible.

When these conditions apply, a mass balance means that hydrogen and oxygen,
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respectively, in gas phase (gp) and in solid reaction product (sp) are constant during
the course of reaction:

H,p, + Hg, = constant §))]
Ogp + O, = constant (2)

In the general case three different reaction phenomena (A-C) have to be dealt with:
(A) the formation of a solid reaction product, Me,O,H,, as a result of oxidation,
corrosion, hydration and hydrogenation; (B) the catalysed reaction: 2H, +
0,—2H,0; (C) oxygen exchange in O, and in H,0; and (C') hydrogen exchange in
H; and in H;O.

The oxygen exchange in C can be further divided into several cases: (C;) oxygen
exchange between O, and O,; (C,) oxygen exchange between H,O and H,0; (Cs)
oxygen exchange between O, and H,0: (C,) oxygen exchange between O, and a
metal oxide Me,O,H.; and {C;) oxygen exchange between H,0 and a metal oxide
Me.O,H..

These cases and the corresponding hydrogen exchange in C' can be organised in a
simple matrix:

Ozgp Hzgp Hzgp MBxOsz
Ozgp Cl C3 - C4
H;0,, Cs CCh 4 CsC
FL,, _ C C; c
Me,O,H, C, CsCl C, —

The reactions of C,—C; and C|—Cj3 are catalysed by different solid surfaces and like
Cy4, Cs, Cjand C; are also expected to vary in rate among different metal oxides and
temperatures.

The use of isotopes to study the oxygen and hydrogen exchange

Isotopes can be used to study C and C' above. Generally there is a ~30%
difference in reaction rate between H, and D, while the corresponding isotopic effect
between '°1°0, and '®'%Q),, calculated with statistical mechanics, is estimated to be
a few per cent.” Hence these oxygen isotopes can often be treated as chemically
equivalent while using hydrogen isotopes in studies of kinetics of hydrogen exchange
often needs some correction.

The kinetics of C, (see above for definition) can be measured by exposing the
sample to '*'°0, plus '®'%0, with a subsequent monitoring of ''*0,. To study C,
one needs to label both H and O in water. By using 910, together with H,'#O the
rate of C; can be determined by monitoring the increase of '%1%0,. This is illustrated
in Fig. 1 where quartz acts as a catalyst at 900°C for this oxygen exchange. The
distribution of isotopes at equilibrium is calculated the same way as in di-atomic
clusters in secondary ion mass spectrometry.®

In oxidation/corrosion studies (A), attention should be paid to reaction B above
since it proceeds on all solid surfaces but at widely different rates. This s illustrated in
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of quartz at 900°C in a valume of (1.2 dm?.

Fig. 2 where this reaction has been studied at different temperatures on platinum,
aluminium oxide, iron oxide, copper oxide and a chromium-rich oxide.

In cases where only B and/or C (C’) are operative, as exemplified in Figs 1 and 2,
equations (1) and (2) are naturally reduced to a conservation of Hand O in gas phase.
Where A is operative, alone or simultaneously with B and/or C(C'}, consumption of
O and/or H takes place and the mass balance expressed by equations (1) and (2}
apply.
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Fig. 2. Rates of Oyconsumption in2H; + Oz — 2H,0 on Pt, alumina, iron oxide, copper
oxide and a chromium-rich oxide measured at S mbar Hy, 4 mbar O, and ~[ mbar H;O.




Analysis of gas consumption in reactions of a metal 1463

[mbar] t [umol]

\ 4 100

—_ — — — — el (H TEO)

_ 10.0F * * Hie0 2
g ‘ \ 0 6160,
E ‘ ‘. C M0
5 I -y - - - - - - — {Hg180),
o I ... 2
2 i l “ona
[T % - 'h
g R B L R 1 50
£ sof My | e, Qzl,
e | m
z | %5 B, o oem oo O S a2
g S5 i gt 000 000 P00 ’
a - | SO0 — % T e G T T (Hz 180,

M——|—————-~-77777;’@&5—(%160)1?

| I
0.0 | " L : 1 1 1 1 0
01, 10 1, 20 30 40 50 80

Reaction Time ' [h]

Fig.3. Pressure andumeles of H,'%0, H,'"%0 and "0 during reaction with Cu at 160°C.

The analysis of gas consumption in the present study

In the present study, Fe and Cu were exposed to oxygen-labelled water, H,'*O,
and normal molecular oxygen, which contains predominantly '*'°0, and negligible
amounts of "0 and '®0. The gas components monitored were therefore Ha. H,'°0,
H,"*0, 16160, 19180, and "1%0,, but there were no significant signals in the mass
spectrometer from masses 34 and 36 corresponding to '®'*O, and '"*'*0,. This
means that the oxygen exchange according to Cy and Cy was negligible during the
course of the oxidation/corrosion. The concentration of H, 1n the gas phase was also
too low to be detected (<{).5 mbar). Hence these gas components are omitted in the
analysis below and also not shown in most of the figures.

As an example the amounts (umol) of H,'°0, 1,0 and *'°0, are indicated at
times ¢, and ¢, in Fig. 3. Based on the mass balance expressed in equations (1) and (2)
the oxygen and hydrogen uptake in the solid reaction product Me O ,H, during the
time interval {; to ¢, can be calculated:

B0 uptake in Me O H_= lﬁ’Osp = (H,'*0),, — (H,'*0),,, )
'°O uptake in Me, O H, = *0,, = 2('°0,), — 2('°0y),,
+ (H'°0),, — (H,'°0)... 4)
Consequently, the total oxygen uptake in solid reaction product is:
O, = H0y, + 0, (5)

H uptake in Me,O H, = H,, = 2(H,'*0),, — 2(H,'*0),, + 2(H,"°0),

- 2(Hs"*0),, (6}
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Fig. 4. Pressure of H,"*0, H;'*0 and '%'°0, during reaction with Cu at 210°C.

The ratio of hydrogen to oxygen uptake in the solid reaction product is then from
equations (5) and (6):

H
~sp 7
0., Y
Oxygen uptake in solid reaction product from reaction with water is:
_ 18 (H;'°0) _ 15
(Osphino = “Ogp + (5,7%0) X *Oqp, (8)

where (H,'°0) and (H,'*Q) are mean values in iime interval #; — ;. In equation (8),
advantage can be made of the use of 180 labelled water.

The fraction of oxygen uptake in solid reaction product from reaction with water
is then from equations (5} and (8):

(OSE)HzO . (9)

0)

sp

Finally the ratio between hydrogen and oxygen in solid reaction product is defined
where oxygen comes from reaction with water:

H

itsp (10)

(Osp)HgO .

The above calculations have been applied to the data shown in Figs 3-7 in this paper
and the results are summarised in Table 1.

EXPERIMENTAL RESULTS AND DISCUSSION

Figures 3-7 show the measured pressures of H,'*O, H,'*0 and '*'°0, during
reaction with Fe and Cu. The analysis of these data has been described above. The
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Fig. 5. Pressure of H,'%0, H,'%0 and %0, during reaction with Cu at 300°C.

numerical results from this analysis are summarised in Table 1 where also results
from Fe at 300°C. are collected from Ref. 5. Cu has also been exposed at room
temperature to air of ~200 mbar normal molecular oxygen, ~30mbar H,'®0 and <1
mbar H,'%0. The reaction product was subsequently analysed with SIMS. The
Cu,—O-H part of the positive spectrum is shown in Fig. 8, from which (Ogp)h,0/O0yp is
calculated and shown in Table 1.
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Fig. 6. Pressure of H2'%0, H,**0 and 19190, during reaction with Fe at 180°C.
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Fig. 7. Pressurc of H,"*0, H,'*0 and '*'°0; during reaction with Fe at 180°C.
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Fig. 8. SIMS spectrum of positive Cu—O-H ions in sputtering of the product formed in air
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Fig. 9. Pressurc of H,'%0, H,'0, 11°0,, '*1¥0, and #"*0, during exposure at 300°C of
Fe oxide with 91 £ 2% '#O.

Oxygen exchange between O,/H,0 and the Fe and Cu oxides

Before the principal reaction paths in the oxidation/corrosion of Fe and Cu are
discussed the possibility of oxygen exchange according to rcaction (C) should be
further consideted. Since '%'80, and '®130, could not be detected in any of the
experiments with Fe and Cu it has been concluded that neither oxygen exchange
between H,O and O, (C5) nor oxygen exchange between O, and the solid reaction
products (C,)} are operative in the reaction of Fe and Cu with H,O/0; gas mixtures at
the temperatures applied here. (From the conclusion that C; = 0, at least one of C,
and C, is likely to be zero). For a discussion of reaction paths in the oxidation of the
metals no further knowledge of C, and C; is needed. On the other hand, knowledge
about Cs is needed.

In the case of Fe a separate experiment was conducted to determine the kinetics
associated with C4. A relatively thick Fe oxide was produced in controlled
H, '%0/H,'*O gas at 400°C. This resulted in an oxide with 91 + 2% of '*O. The 30
content was also analysed with SIMS in four different laboratories where the '*O
content from gas consumpiion was confirmed.® This oxide was exposed at 300°C to
H,'°0. In Fig. 9 no increase is found in H,'®0 upon this exposure. Hence it is
believed that the oxygen exchange rate between H,O and the Fe oxides is also
negligible compared with the reaction rate of Fe with water at the temperatures
studied here (<300°C). The highly "*O enriched iron oxide was also stored in air at
room temperature for 14 months without any significant oxygen exchange (<3%).
The iron oxide shown in Fig. 6 has also been exposed for more than a year at room
temperature in air almost without any change in '*O content as analysed with SIMS.
The measured 52% %0 should be compared with 60% as calculated from Fig. 6.

To judge if Csis operative in the case of Cu the oxide grownin Fig. 5 was exposed
to 11,'*0 enriched water {=80%). Since the oxide contains ~40% 80 (60% °O) the
pressure of F,'*0 should decrease if an oxygen exchange between H,O and the Cu
oxide was operative. As seen in Fig.10, the rate of oxygen exchange between H,O
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Fig. 10, Pressure of H,'*0, H,'*0 and **'*O, during cxposure at different temperatures
of the Cu oxide formed as shown in Fig. 5, 40% "0 in the oxide.

and the Cu oxide is not significant. Therefore it is negligible compared with the
oxidation/corrosion rate of Cu at the applied temperatures. Figure 10 also demon-
strates that the oxide does not incorporate water upon cooling from 300 to 25°C.

"In a separate experiment Cu was exposed to 20 mbar H,'*0, 3 mbar H,'%0 and 5
mbar !0, for 24 h at 150°C. Due to the small (~2 cm?) sample area used, the gas
pressure did not significantly change due to the gas consumption/gas release. In Fig.
11 the SIMS analysis of Cu,O and Cu,OH ions are shown. A highly *®*O-enriched
Cu,O,H, oxide was formed which remained '*O-enriched upon heating to 300°C in
UHV. This treatment resulted in disappearance of the Cu,OH species as clearly seen
in the figure. During heating in UHV, extremely low activities of O, and H,O are
present which result in a conversion of the oxide to probably Cu,O.

The principal reactions in the oxidation of Fe and Cu in Q,/H,0

Based on the above discussion and results, the following principal reactions are
considered to operate in the oxidation of Fe and Cu in H,'%0/H,*0/'%1°Q, gas
mixtures at 160-300°C:

y 1/2'%0, + x Me = Me, '®0, (a)
y H,"*0 + x Me = Me, ("*OH), + yH (bo)
yH,"*0 +x Me = Me,'*0, + y2H (b;)

y2H + y 1/21°0, = y H,'°0 (b)
yH,'%0 + x Me = Me,('°OH), + yH (co)
yH,'°0 + x Me = Me,'°0, + y2H : (c)

y2H + y 1/2'90, = y H,'°0 {e)

The reactions of (b;) and (c¢;) express a complete dissociation of water. This
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complete water dissociation seems to operate in the exposure of Fe at 300°C since the
hydrogen content in the reaction product is low, H /O, = 0.04, but at the same time
a considerable fraction of oxygen in the product comes from water, (O h.o/Oyp,
0.09 (see Table 1).

At the lower temperatures both Fe and Cu form solid products with substantial
hydrogen contents. This can be explained by the partial water dissociation in
reactions (by) and (c,). We can see in Table 1 that the ratio of hydrogen to oxygen
which comes from reaction with water, Hep/(Ogp)n,0, is close to one in the case of Fe
at 180°C and Cu at 160°C. This ratio is expected when mainly a partial water
dissaciation is operative in combination with (b,} and {c,). The absence of H,O
uptake in Fig. 10 further indicates that H in the Cu oxide is not in the form of
undissociated H;O. Also in the monolayer reaction products on polycrystalline Fe
and Cu formed in H,0/0; gas at 107" to 10~® mbar pressures at room temperature
we have found high hydrogen contents in SIMS measurements. '

The reactions (b,) and (c,) are coupled to (by), (b,) and (c,), (c;) respectively, by
combination of oxygen and hydrogen to water. (A combination of O, with hydrogen
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can also result io Me,('°0O), as for iron near 300 K).2 When comparing the rates of
(b,), measured as rate of increase of HQI(’O in Figs 37, with rates of 2H, + Oy —
H,O in Fig. 2 (reaction B), we find these rates to be in the same magnitude. This is
consistent with the observation that no H is found during the reactions in this study.

SUMMARY AND CONCLUSIONS

Some gencral considerations of gas analysis in reactions of a metal with
H,/H,0/0, gas mixtures in a virtually closed system are presented. The use of
oxygen isotopes is shown to be powerful to identify and quantify various reaction
phenomena. Data from reaction of Fe and Cu at 160-300°C in H,'°0/H,'%0/0, gas
mixtures in the mbar pressure range have been analysed. Conclusions concerning
molecular hydrogen in gas, hydrogen uptake in solid reaction product, fraction of
oxygen in solid reaction product that comes from reaction with water and oxygen
exchange between gas and reaction product arc extracted from the experimental
data:

(1) No H, was detected in the reactions.

(2} The solid reaction products on iron and copper catalyse the reaction: 2H; +
0, — 2H,0 at a rate comparable with the reaction rate of H;Q with the metals. This
can explain the observation in conclusion (1). :

(3) Inreaction of Fe at 300°C a complete water dissociation takes place since the
product is essentially free from hydrogen but at the same time it contains a
considerable fraction of oxygen from reaction with water.

(4) There is a substantial hydrogen concentration in the reaction product formed
on both Fe and Cu below approximately 3PC. This concentration increases with
lowered temperature.

(5) The hydrogen in (4) is not in the form of undissociated water but rather as
hydroxide which results from partial dissociation of water in the presence of
molecular oxygen.

(6) As a consequence of (4) and (5) no simple metal oxides, Me,O,, are formed
when Fe and Cu are reacting with a H,0/0, gas mixture below approximately 300°C.

(7) Inall the studied reactions the fraction of oxygenin the solid reaction product
that comes from reaction with water exceeds 50%.

(8) The reaction products on the metals did not catalyse oxygen exchange
between H,0 and O, gas at a measurable rate.

(9) The rate of oxygen exchange between O, gas and oxygen in the reaction
product is negligible compared with the rate of O consumption in the metal
oxidation.

(10) The rate of oxygen exchange between H,O gas and oxygen in the reaction
product is negligible compared with the rate of HO consumption in the metal
oxidation.
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