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Copper oxide is used as a catalyst or catalyst precursor in chemical reactions that involve hydrogen as a reactant
or a product. Controlled reduction and therefore known reduction kinetics of well-defined Cu-oxides in hydrogen
is a key issue for the activation of oxide catalysts as well as for other technological fields such as gas sensing. The
kinetics and mechanisms of reduction of single-phase CuO and CupO films in 5 vol% Ha/Ar were investigated by
in-situ real time synchrotron-based X-ray diffraction measurements. To this end, the incubation time, the CuO —

Cuy0 and Cup0 — Cu phase transformation rates, as well as the microstructure and strain state of the evolving
Cu, CuO and CuyO phases were studied during the reduction. Highly porous Cu and Cu-oxides scaffolds were
obtained by alternating oxidation and reduction steps, which can be envisaged for a wealth of applications in the
fields of catalysis, batteries, water treatment and biomedical applications.

1. Introduction

The reduction of oxides plays an eminent role in heterogeneous
catalysis,[1-5] but is also essential in the numerous other application
fields, such as nanopaste sintering for joining [6-8], corrosion [9], 3D-
printing of metals via reduction of printed or extruded oxide nano-
powders [10,11], batteries [12-14], and gas sensing [15]. Independent
of the targeted application, the kinetics of the oxide reduction process is
generally rate-limited by the reaction of the reducing agent with the
oxide surface, generating oxygen vacancies in the oxide sublattice
[1,2,16-18].

Fundamental knowledge on the kinetics and mechanism of the
reduction of CuO and/or Cuy0 in H; gas mixtures is of particular interest
for heterogeneous catalysis [3], gas sensing [15] and nanopaste sinter-
ing [6]. The studies on the reduction of copper oxide by hydrogen dates
back to the 18th century and concluded that the reduction of CuO to Cu
is preceded by an “incubation” period where there is no perceptible
reaction [19]. Ever since, the incubation time for the reduction of CuO
and Cup0 in hydrogen has been a topic of many studies. The length of
the incubation period for the reduction of CuO increases with decreasing
the temperature and decreasing hydrogen partial pressure [1,2,19,20].
Initially, the incubation time was attributed to the time required to form

stable metallic Cu phase [20]. More recent studies have concluded that
the incubation time is associated with the time required to generate
sufficiently high concentration of oxygen vacancies in the oxide (sub)
surface region to catalyse the adsorption and dissociation of Hy [1,2,18].

For practical and technological reasons, the reduction kinetics of
CuO and/or Cuz0 in Hy and/or CO gas mixtures have been mostly
studied on (sub)micron-sized powder mixtures [1,2,6,8,21], pressed
powder pellets [22], as well as nanoaggregates such as nanoparticles,
nanowires, rods, and etc [23,24]. Such micro- and/or nano-scaled as-
semblies typically possess relatively broad size and shape distributions
of the principle building blocks (e.g. particles, rods, platelets) and their
aggregates, which may lead to very different surface morphologies,
defect structures and CuO-to-CupO phase fractions in the as-prepared
state [21,25,26]. Unfortunately, the size and shape distributions of the
studied powders in their as-prepared state are often not specified
[1,2,22]. The large spread in CuO/Cuz0 powder and aggregate char-
acteristics has resulted in many contradictory findings on the incubation
times, reaction rates and phase transformation sequence for the oxide
reduction processes. Foremost, three different phase transformation
sequences for the reduction of CuO in Hy have been reported. (i) The
complete full transformation sequence CuO — CusO3 — Cuy0 — Cu has
only been observed for the reduction of CuO in a hydrogen plasma
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(containing atomic hydrogen) [22]. The reduction of CuO in Hy requires
dissociative chemisorption of Hy molecules on the oxide surface; in this
case, both (ii) the direct CuO — Cu transformation (without the for-
mation of intermediate CupO or CusO3 phases) [1,2], (iii) as well the
sequential reduction CuO — Cuy0 — Cu has been reported [23,27,28].
Previous CuO reduction studies have mainly focused on the phase
transformation sequence and the detection of intermediate oxide species
[1,2,23,24], but rarely on the kinetics of the reduction process. Since the
reduction kinetics will depend largely on the undefined powder char-
acteristics, it hinders a direct comparison of reduction rates between
different studies on powders and/or aggregates.

In the present study, dense polycrystalline single-phase CuO and
Cuy0 thin films with thicknesses in the range of roughly 80 to 530 nm
were prepared by a controlled thermal oxidation of thin Cu films at
different temperatures. A detailed study on the oxidation kinetics of thin
Cu films can be found elsewhere [29]. The single-phase CuO and Cuz0
films were reduced in 5 vol% Hy/Ar gas mixtures at 300 °C, while
monitoring the incubation time and the subsequent phase trans-
formation sequence (either CuO — Cu30 or Cuy0 — Cu) by in-situ time-
resolved XRD at the synchrotron. The combination of a high intensity of
synchrotron radiation with a custom-designed furnace with full atmo-
spheric control makes it possible to conduct sub-minute, time-resolved
XRD measurements under a wide variety of temperatures and atmo-
spheric conditions. In addition, the average CuO, Cup0 and/or Cu grain
sizes, as well as the strain evolution, during the reduction process were
resolved from the large data sets, which have not been performed and
investigated in such detail up to date. After complete reduction, the
initially dense and smooth Cu-oxide films (as obtained by thermal
oxidation) were converted into highly (nano)porous metallic Cu films
with a high specific surface area, which can be envisaged for a wide
range of applications in the fields of catalysis, batteries, water treatment
and biomedical applications .

2. Experimental

50, 150 and 300 nm thick initial Cu films were grown on 10 x 10
mm? sapphire substrates (single crystalline a-Al;O3 - C(0001), supplied
by CrysTec) in an ultra-high vacuum chamber (<1 x 107 mbar) from a
Cu target (99.99%) at room temperature by DC magnetron sputtering
(80 W, 0.5 Pa Ar). Prior to deposition, the substrates were ultrasonically
cleaned in acetone and ethanol. Then, RF-plasma cleaning was per-
formed inside the deposition chamber directly before the deposition
step.

Real-time high-temperature synchrotron XRD measurements during
oxidation of the metal films, as well as upon subsequent reduction of the
oxidized films, were performed in the temperature range between 200
and 400 °C at the material science beamline (MS-X04SA) at the Swiss
Light Source (SLS) in Paul Scherrer Institute (PSI), Villigen, Switzerland.
The MS-X04SA beamline is designed to provide a high-intensity X-ray
beam with a tunable wavelength in the energy range of 5-40 keV. The
time resolved X-ray diffraction data during oxidation and reduction
were collected from the powder diffraction branch using a photon en-
ergy of 25.1936 keV at 401.1 mA (1 = 0.4921 /O\) in transmission mode
with a two-dimensional detector (PILATUS, DECTRIS). A detailed
description of the beamline setup and the detector is given elsewhere
[30]. The beamline setup was equipped with a custom-designed
compact furnace for in-situ heating in a controlled atmosphere (sup-
plied by IRELEC) during the XRD measurements, employing a beam size
of 200 x 150 pmz. The atmosphere (the partial pressures) in the furnace
during oxidation in O2(g)/Ar(g) and reduction in Hy(g)/Ar(g) were
precisely controlled by mass flow controllers keeping the total pressure
around 1 bar. After mounting each new sample on the sample stage
(with the substrate side facing the incident X-ray beam and the thin film
facing the detector), the furnace was pumped down to 1 x 10"* mbar for
several minutes. Then, the furnace was heated up to the desired oxida-
tion or reduction temperature with a heating rate of 10 K/min in Ar
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atmosphere (>99.9999% with a constant flow rate < 200 ml/min). The
temperature was regulated through an Eurotherm 3208 temperature
controller with the type-K thermocouple in intimate contact with the
sample stage, close to the clamped sample. As soon as the targeted
temperature was reached, the atmosphere was switched to the selected
gas mixture for oxidation or reduction. Successive diffraction patterns
were recorded in 2theta range of 0-30° with a time interval of 40 s. The
oxidation and reduction steps were performed on the same sample,
consecutively without any interruption. To this end, the Cu films were
first fully oxidized to a single phase at a given oxidation temperature.
Then, the oxidizing atmosphere was switched back to Ar to change the
targeted isothermal reduction temperature. After reaching the desired
temperature in Ar for reduction purposes, the atmosphere was switched
to a reducing atmosphere of 5 vol% Hy/Ar mixture (see Fig. 1). All
reduction experiments were performed at the same conditions; at 300 °C
in 5 vol% Hy/Ar atmosphere, while recording the diffraction patterns in
the 2theta range of 0-30° with a time interval of 40 s.

High-resolution scanning electron microscopy (SEM, Hitachi S-4800)
was applied for planar and cross-sectional analysis of the oxidized and
reduced films. A cross section of the metallic Cu film and reduced Cu-
oxide film were prepared by focused ion beam (FIB) milling under the
vision of scanning electron microscopy (SEM) using a FEI Helios Nanolab
Dual Beam. Before ion milling, protective Pt layers were pre-deposited
on the film surfaces.

The individual sets of measured diffractograms for each experiment
were obtained as a function of time by integrating each successively
captured image on the 2D detector (correcting for the mask lattice with
zero intensity in between neighboring detector segments and previously
calibrated for the 2theta positions). The obtained series of integrated
2theta spectra were assigned to the monitored eurotherm temperatures
(using their respective time stamps) and the diffractograms as a function
of time is further processed using a Matlab code. The selected peaks for
data analysis based on the highest intensity of Cu, CuzO or CuO re-
flections were clearly visible (no overlapping of the peaks), so a poly-
nomial background (of the third degree) was subtracted over the
selected 2theta range. Next, the corresponding position, full width half
maximum (FWHM) and integrated peak area of the peak was extracted
from the background corrected diffractogram. The average strain, ¢, has
been derived for each phase (Cu, CuO and Cuy0) at high temperature
from the respective (111) reflection according to

€= [d(lll)_d?m)}/d?m) M

where d?lm is the nominal bulk (111) interplanar distance in the

respective bulk phase at the given temperature. The range of the 2theta
values in the used transmission geometry is<30°, which implies that all
the diffracting planes lie in the bisecting line (i.e. in 15°) with respect to
the surface normal. Thus all the reflections measured are almost
perpendicular to the surface and the strain derived by the peak deviation
with bulk is “almost” an in-plane strain assuming a uniform volumetric
strain. For this reason, the word average strain is more representative of
the quantity measured being not exactly an in plane component.
Moreover, during the oxidation and reduction transformations, the
formed oxide or metal nanostructures are entirely polycrystalline with
no texture (as compared to epitaxial and highly-textured thin films) so
the strain calculated for the d(; ; ;) can be considered as representative of
the average strain in the sample. For the strain calculation, the d‘()nl)

reference values at room temperature were extrapolated to the targeted
temperature using the reported thermal expansion coefficients for each
corresponding bulk phases [31,32]. To trace the phase evolutions of the
Cu, Cuz0 and CuO phases, the integrated peak areas of the most intense
peaks for each phase were analyzed as a function of time (note: the in-
tegrated peak area scales with the scattering volume of the corre-
sponding phase). The effective layer thickness of the single-phase Cu,0O
or CuO films after full oxidation of the Cu film (for an initial metallic
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Fig. 1. Schematic illustration of the successive heating, oxidation and reduction steps performed during the in-situ synchrotron experiment.

layer thicknesses of either 50, 150 or 300 nm) was calculated based on
the Pilling-Bedworth ratios (PBR) for each oxide. This resulted in
thicknesses for the single-phase Cu0: ~80 nm, ~250 nm and ~ 500 nm
and for the CuO: of ~ 90 nm, ~270 nm and ~ 530 nm for an initial Cu
film thickness of 50 nm, 150 nm and 300 nm, respectively.

3. Results and discussion
3.1. Oxidation of Cu metal films into single-phase Cus0 and CuO films

Oxidation of the 300-nm-thick Cu films was performed in synthetic
air (20 vol%-04/Ar) at 300 °C and 400 °C to obtain single phase of CupO
and CuO, respectively, while conducting XRD analysis in transmission
mode to capture the oxide phase evolution. False color XRD maps for the
2theta range of interest were constructed by stacking the successively
recorded diffractograms in Fig. 2a and 2c. The evolution of the Cu —
Cuz0 or Cu — Cup0 — CuO phase constitution by time is visualized by
plotting the normalized integrated areas of the peaks as representative
for each phase as a function of the oxidation time in Fig. 2b and 2d.

As follows from Fig. 2a, oxidation of the Cu film at 300 °C results the

Oxidation: 300 nm Cu at 300 °C

single phase formation of Cuy0. The corresponding CuzO growth curve
shown in the inset of Fig. 2b (derived from the normalized integrated
peak area of the evolving most intense Cuy0 peak) evidences the linear
oxidation of Cu to-Cu20O with a rate constant of k = 1.1 x 107 cm/s. It
has to be mentioned that the magnetron-sputtered Cu films exhibit a
strong (111) out-of-plane texture [33]. For such textured films, only a
limited number of reflections are probed in the adopted transmission
geometry. Therefore, the Cu(111) reflection is relatively weak. Notably,
the plateau in the diffracted intensity reached after ~ 700 s of oxidation
reflects full consumption of the Cu thin film. The linear oxidation rate of
the 300 nm Cu film at 300 °C derived by in-situ XRD is in good agree-
ment with the corresponding oxidation rates in a previous study at
various oxygen partial pressures for film thicknesses between 20 and
150 nm by in-situ resistance measurements [33].

The temperature dependence of the CupO phase formation kinetics
for the 300 nm Cu films in the temperature range of 275 to 350 °C is
shown in the supplementary Fig S1. As expected, the linear growth rate
of the CuzO phase increases with increasing temperature. The corre-
sponding activation energy, E, is 0.5 + 0.1 eV (see inset of Fig. S1) in
excellent agreement with corresponding values obtained by in-situ

Oxidation: 300 nm Cu at 400 °C
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Fig. 2. In-situ time-resolved XRD analysis of the thermal oxidation of 300-nm-thick Cu films to single phase of Cu,0 and CuO in 20 vol%-O-, / Ar. (a,c) False color in-
situ X-ray diffraction (A = 0.4921 A) maps for the oxidation at 300 °C and 400 °C, respectively. (b,d) Normalized integrated area of the respective peaks as a function
of the oxidation time at 300 °C and 400 °C, respectively. The insets in (b) and (d) evidence the linear oxidation rate for the Cu — Cu,0O phase transformation at 300 °C
and the diffusion-controlled oxidation rate for the Cu,O — CuO phase transformation at 400 °C, respectively.
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resistance measurements for 20, 50 and 150 nm thick Cu films in pre-
vious studies [33]. As postulated in Ref. [33], the derived value of E, =
0.5 + 0.1 eV represents the effective energy barrier for dissociative
chemisorption of O3(g) molecules on Cuz0. Notably, thin film oxidation
of other transition metals, such as Cr, Al, Ti, Co, and Ni, under similar
conditions are not associated with linear oxidation kinetics (indicative
for surface-limited growth). Instead the parabolic (diffusion-controlled)
growth rate is observed for other transition metals, which indicates that
the diffusion of the reactants through the thickening oxide layer (i.e. O
anions and/or metal cations and their respective vacancies) is rate-
limiting.

The evolutions of the average grain size and the average strain of the
Cu and Cuy0 phases during oxidation of the 300-nm-thick Cu film at
300 °C are presented in the supplementary material Fig. S2b and S2c,
respectively. It follows that the initial columnar grain length of Cu
steadily decreases with time due to the conversion of the Cu film into
Cuy0. As expected in parallel and corresponding to the Cu grain
shrinking, the Cuy0 grain size increases, reaching an average grain size
of about 32 nm at the end of the oxidation step. The developing CuyO
phase has an initial compressive strain as large as —0.5% (Fig. 1Sc),
which gradually relaxes towards zero at the end of the oxidation. The
Pilling-Bedworth ratios (PBR) of Cuy0 and CuO is around 1.7 and 1.8,
respectively [34] which are much larger than unity, explaining the
initial compressive strain in the Cuz0 growth [35]. Outward diffusion of
Cu cations from the Cu/Cu50 interface to the Cu,0 surface are balanced
by an inward flux of cation vacancies, which both occur at a much faster
rate than the inward diffusion of oxygen anions. This results in the
development of Kirkendall voids [36] at the inwardly migrating Cu/
Cup0 interface during oxidation (and ending at the substrate interface
when the process is completed), as evidenced by cross-sectional SEM
analysis of partially oxidized Cu films in the present study (see Fig. S3).
In parallel to Kirkendall voiding during oxidation, the relaxation of film
stresses during the Cu — CupO transformation occurs via Cu vacancy
formation. The initial compressive strain in the Cu,O phase has fully
relaxed after complete oxidation of the Cu metal film (Fig. 2c) and the
Kirkendall voids are residing at the CuyO-film/Al,O3-substrate interface.
A detailed discussion is given in Section 3.2 for Fig. 5.

First detectable traces of the CuO phase appear after ~ 1000 s of
oxidation at 300 °C (not visible in the color plot in Fig. 2a), only after the
initial Cu film is fully transformed into CupO. This indicates that
although some CuO has nucleated on the outer Cuz0 surface after pro-
longed oxidation at 300 °C, the nucleated CuO phase does not grow at
the expense of the CuyO phase. As evidenced by marker experiments on
the oxidation of Cu,O films at higher temperatures (700 — 1000 °C), the
Cu20 — CuO oxidation is realized by the outward diffusion of Cu cations
via a cation vacancy transport mechanism (and not by the diffusion of
oxygen anions and/or their vacancies) [37]. As discussed in detail
below, the diffusion of Cu in CuO is much slower than of Cu in Cuy0 as
shown in Ref. [37]. Consequently, at 300 °C, the thermally activated
diffusion of Cu in CuO under influence of the chemical potential gradient
across the oxide film is still too slow to transform the initially formed
Cuy0 layer into CuO within a reasonable time frame.

As evidenced in the false color in-situ X-ray diffraction map for the
oxidation of a 300 nm thick Cu film at 400 °C (Fig. 2c), a complete
transformation of the initial 300-nm-thick Cu film into CuO can be
achieved within 1 h of oxidation at 400 °C. This is in excellent agreement
with a literature study for the thermally-activated CuzO to CuO phase
transformation in the temperature range of 350 — 450 °C where it is also
reported that the CuyO to CuO transformation temperature strongly
depends on the film microstructure, in particular on the CuyO grain size
[38]. Apparently, the initial stage of oxidation of Cu into Cuy0 at 400 °C
occurs at such a high rate that only the oxidation stage of Cup0O into CuO
can be captured using the employed time step of the XRD measurement
of 40 s (see Fig. 2¢ and d). In order to be able to capture the Cu to Cu0
oxidation at 400 °C, the XRD measurement time step should be further
decreased (at the expense of the measurement statistics).

Applied Surface Science 588 (2022) 152896

The respective CuO growth curve in Fig. 2d obeys a parabolic growth
law, which indicates that the Cup0O — CuO transformation rate is
diffusion controlled, in accordance with Ref. [37]. The corresponding
parabolic growth rate is found to be kp (cuo) = 1.02 x 10 cm?/s at 400
°C in this study, see the inset in Fig. 2d. On the contrary, the initial
oxidation stage of Cu thin films, as associated with the conversion of Cu
into CuyO, follows a linear growth rate, indicative of a surface-
controlled reaction under the given condition (see Fig. 2b and the
inset). This change in the oxide growth mechanism can be explained by
the relative sluggish diffusion of Cu in the CuO lattice and/or its grain
boundaries as compared to the much faster diffusion of Cu in the Cuy0
lattice and/or its grain boundaries [27,39,40]. It should be noted that, as
in most binary oxides, Cu cation diffusion coefficients in CupO and CuO
are much faster than the respective oxygen anion diffusion coefficients
(up to 5 orders of magnitude at 1000 °C) [37,41,42]. For example, the
Cu self-diffusion coefficient in bulk CuO at 1000 °C equals ~ 1 x 1071
cm?/s [37], which is much smaller than the self-diffusion of Cu in bulk
Cuz0 at 1000 °C of ~ 2 x 10! em?/s [43]. Consequently, only at
oxidation temperatures above 300 °C, the CuyO-to-CuO transformation
becomes thermally activated at a reasonable rate. As reflected in
Fig. S2e, the grain size evolutions of Cuy0 and CuO during oxidation at
400 °C seems to develop independently. The Cuy0 grain size, as estab-
lished after complete oxidation of Cu, is around 43 nm, while the CuO
grain size is about half this size (22 nm at the beginning of the trans-
formation): See Fig. S2d. This indicates that the CupO grains are not
simultaneously transformed into CuO. Probably, the surface-adjacent
Cuy0 grains are transformed first, possibly nucleating multiple CuO
domains within a single CuO grain. Subsequently, CupO grains below
the formed CuO grains are transformed in a layer-by-layer fashion. Due
to the limited O and Cu mobilities in CuO as compared to CuzO (see
above), the CuO phase develops a smaller grain size by grain growth (at
constant temperature). Compressive strain occurs during CuO formation
line with the slightly smaller strain-free d(;11) spacing of CuO (2.315 A)
as compared to CuyO (2.455 A; only a slight tensile strain resides in
Cu0): See Fig. S2f.

The above findings on the oxidation kinetics of thin Cu films in
synthetic air by synchrotron XRD are in excellent agreement with our
previous study on the effect of the oxygen partial pressure on the
oxidation kinetics of Cu thin films by in-situ resistance measurements
[33]. Cu thin-film oxidation starts with the fast formation of Cuy0; only
after full oxidation of the Cu thin film, the CuO phase starts to grow; a
co-existence of Cu, CupO and CuO phases during the oxidation process
was not observed [33]. Much thicker Cu films, comparable to bulk-like
Cu metal specimens, are required to observe the co-existence of Cu,
Cu20 and CuO under the applied conditions, e.g., 400 °C in air [31]. On
the basis of the obtained findings on the oxidation of the Cu thin films,
single-phase oxide films of either CuO or CupO were produced for
studying the corresponding reduction kinetics in 5 vol%-Hy/Ar at 300
°C by in-situ time-resolved XRD.

3.2. Reduction of a single-phase CuO film

A ~ 530 nm thick CuO film was produced by oxidation of a 300 nm
thick Cu film for 1 h at 400 °C in synthetic air (Fig. 2¢). The single-phase
CuO film was efficiently reduced in 5 vol%-Hy/Ar at 300 °C. The cor-
responding false color XRD map is shown in Fig. 3a. The integrated areas
of the representative diffraction peaks of Cu, CuyO and CuO are plotted
as a function of the reduction time in Fig. 3b. The curves are represen-
tative for the evolution of the volume fractions of the corresponding
phases during the reduction process.

As reflected in Fig. 3a, the phase transformation sequence during
reduction at 300 °C can be well-monitored by in-situ time-resolved XRD
and proceeds according to CuO — CuO + Cuz0 — CuO + Cu0 + Cu -
Cuz0 + Cu — Cu. Strikingly, a three phase coexistence of Cu, Cup0 and
CuO is observed during reduction, but not during oxidation. Notably, the
onset of the reduction process is only detected after a relatively long



Y. Unutulmazsoy et al.

o«
a) 2
x
o
2200
2000
N
) 1800
o}
@ 1600
®
£ 1400
=
- 1200
1000
800
o

100 110 120 130 140
20 (°)

Applied Surface Science 588 (2022) 152896

b) Cu0->Cu,0->Cu reduction
CuO film thickness ~ 530 nm

1

1300's

peak area (a.u.)

time (s)

Fig. 3. Reduction of a single-phase CuO film at 300 °C in 5 vol%-H,/Ar atmosphere. The CuO film was produced by oxidation of a 300 nm thick Cu film for 1 h at
400 °C in synthetic air and has an equivalent thickness of about 530 nm. (a) False color in-situ X-ray diffraction map recorded during the reduction. (b) Normalized
integrated area of representative diffraction peaks of CuO, CuzO and Cu in (a), evidencing the co-existence of Cu, CuzO and CuO prior to full reduction to Cu.

incubation time of about 1300 s. The formation of metallic Cu by
reduction of Cuy0 only prevails once a significant fraction of CuO has
transformed into Cuy0. The corresponding reduction reactions are:

2CuO(s) + Ha(g) — Cuy0(s) + Hy0(g) @
Cuz0(s) + Ha(g) = 2Cu(s) + Hy0(g) 3

The initial reduction of CuO by Hy according to Eq. (2) requires
adsorption and dissociation of Hy. The incubation time for the reduction
of CuO, as evidenced in Fig. 3, has been attributed to the time required
for the initial generation of a high concentration of oxygen vacancies at
the oxide surface, which catalyze the adsorption and dissociation of Hy
molecules [1,2,18]. As predicted by DFT calculations [16-18], the
dissociative adsorption of Hy gas molecules on the pristine CuO(111)
surface leads to spontaneous formation of a water molecule, as accom-
panied by the reduction of two Cu?* cations to Cu* and the creation of
an oxygen vacancy at the surface (upon desorption of the H;O molecule
into the gas phase). The reactivity of the CuO(111) surface increases
with the generation of oxygen vacancies by this spontaneous HyO for-
mation mechanism. As shown in Refs. [16-18], the continuous genera-
tion of oxygen vacancies at the CuO surface eventually leads to the
coexistence of Cut and Cu® at the surface. The formed oxygen vacancies
migrate into the subsurface and self-order to form a partially reduced
CuO superlattice structure, from which the CuyO phase can nucleate
[18]. The incubation time for the CuO — Cuy0 reduction process can
thus be substantially shortened for initially highly defective CuO sur-
faces (as produced by e.g. vacuum annealing or cyclic oxidation and
reduction), as well as with increasing temperature and increasing
hydrogen partial pressure [1,2]. On the contrary, the incubation time for
CuO reduction in Hj is increased for oxygen pre-covered CuO(111)
surfaces, since they will first be hydroxylated upon exposure to Hy (by
forming OH surface species, instead of O vacancies) [17,18]. Analo-
gously, exposure to water vapor also strongly inhibits the subsequent
reaction between hydrogen and the Cu-oxide surface [20]. Accordingly,
the relative long incubation time of about 1300 s, as observed for the
reduction of a ~ 530 nm thick single-phase CuO film in the present study
(Fig. 3), can be attributed to an initial hydroxylation of the O-terminated
CuO film surface upon switching from O, to Hy exposure. This process
delays the formation of O vacancies by HoO formation and desorption,
which in turn delays the nucleation of CupO domains [18,44].

Fig. 3 clearly evidences a co-existence of all three phases Cu, Cuz0
and CuO during the reduction process. The intermediate formation of
Cuy03 (CuO — Cus03 — Cuz0 — Cu) during reduction, as reported in e.
g. Ref. [22], was not observed in this study. As argued in Ref. [2], the
formation of Cu403 as a suboxide or an intermediate product during the

reduction of CuO is kinetically obstructed due to the large structural
mismatch between CuO and Cu3Oy4. Previous theoretical [16,18,45] and
experimental studies [2] on the reduction of Cu-oxide in hydrogen
conclude that the Cus0 — Cu process is slower than the CuO — Cu
reduction process. Nonetheless, previous in-situ diffraction studies on
the reduction of submicron-sized CuO powders in a 5 vol% Hy/He gas
mixture in the temperature range between 150 and 300 °C did not detect
the intermediate formation of CusO (nor Cu4O3) [1,2]. Instead a direct
reduction of CuO to Cu according to

CuO(s) + Hy(g) = Cu(s) + Hz0(g) 4

was reported [1,2]. These previous in-situ diffraction studies were
performed with a considerable larger measurement time step of up to 3
min on CuO powders with unspecified particle size and shape distribu-
tions. The lower time resolution in combination with a nonuniform
particle size distribution, a high density of catalytic step edges for Hy
dissociation (characteristic for facetted particles) [18,21,46], as well as
a relatively high specific surface area, may have obscured the interme-
diate formation of CupO from these previous CuO powder reduction
studies. This assertion is supported by the fact that, in these previous
studies, intermediate formation of CupO upon reduction could be
detected at a relatively low Hj flow rate [1,2]. Dense, single-phase CuO
and CuyO films, as used in the present study, are clearly better suited for
studying the reduction kinetics by synchrotron X-ray diffraction.

3.3. Reduction of a single-phase Cuz0 film

During the Cu oxidation at 300 °C only the single phase CuyO is
formed. The co-existence of all three phases Cu, CupO and CuO was
indeed observed only during reduction at 300 °C (compare Fig. 2a,b and
3a,b). As discussed in Section 3.1, the growth of CuO cannot be kineti-
cally activated in a reasonable rate to detect during oxidation at 300 °C
and, consequently, a three-phase coexistence is not observed. As pre-
sented in Fig. 2a,b, the Cu — Cuy0 transformation during oxidation of
300-nm-thick Cu films at 300 °C starts very fast (at ~ 0 s) and it is
completed within about 700 s. The reverse Cuy0 — Cu transformation
during reduction at 300 °C (see Fig. 4a) is significantly slower as
compared to the oxidation at the same temperature, as it starts after ~
680 s and completed within about 1800 s. To compare the rates of the
Cuy0 — Cu and Cuy0 — Cu transformations in more detail, the Cu,O —
Cu reduction rate at 300 °C was determined by reduction of a single-
phase CuyO film, as prepared by thermal oxidation of a 300 nm Cu
film at 275 °C (Fig. S4a). This latter temperature for Cu — Cuy0
oxidation was intentionally chosen below 300 °C in order to avoid the
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Fig. 4. Reduction of a single-phase Cu,O film at 300 °C in 5 vol%-H,/Ar, as
monitored by in-situ time-resolved XRD. The ~ 500 nm thick Cu,O film was
produced by thermal oxidation of a 300 nm thick Cu film at 275 °C. (a) Inte-
grated CuzO and Cu peak areas as function of the reduction time. In the inset,
the linear reduction rate is extracted. (b) Average Cu,O and Cu grain size as
function of the reduction time (as derived using the Scherrer formula). (c)
Average strain in the evolving Cu,O and Cu phases (with respect to the un-
strained bulk phase) as a function of the reduction time. The dotted line in-
dicates the incubation time during which the formation of metallic Cu domains
is not yet detected. False color in-situ X-ray diffraction map for Cu20 reduction
is given in Fig. S4c in supplementary material.

formation of CuO at the surface and to end up with a single Cuy0 phase.
The respective time evolutions of the normalized integrated areas of the
selected Cu0 and Cu diffraction peaks are shown in Fig. 4a, see the false
color XRD maps in Fig. S4. The average grain sizes and strain levels in
Cu0 and Cu are plotted as function of the reduction time in Fig. 4b and
4c, respectively.

It follows that the Cuy0 — Cu reduction rate, kreq = 5 X 108 ecm/s at
300 °C in 5 vol% H, (see inset in Fig. 4a, incubation time is not
considered) is indeed lower than the respective Cu — Cu0 oxidation
rate, kox = 1.1 x 107 em/s at 300 °C in 20 vol% 0O2(g) (Fig. 2) for the
identical samples. This implies that the requirements on the time reso-
lution of the XRD measurements for capturing the complete phase
transformation sequence are more severe for the Cu oxidation experi-
ments. As seen in Section 3.1, after the oxidation of Cu to Cuy0, com-
plete strain relaxation occurs in the formed oxide, accompanied by
Kirkendall void formation at the substrate interface. During the reduc-
tion, the CuyO film has an average compressive strain of about —0.2%,
which should originate from the interaction of the relaxed CuyO film
with the reducing Hy/Ar atmosphere. During the Hy exposure, inter-
secting grain boundaries and porosity at the Cu,O film surface will act as
short-circuit diffusion paths and trapping sites for hydrogen. The
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diffusion of hydrogen along intergranular regions can induce a
compressive stress, analogously to the generation of compressive
stresses by inward diffusion of adatoms along grain boundaries during
film growth [47,48]. In addition, the accumulation of O vacancies at
intergranular Cuy0 regions may generate compressive stresses in the
Cuy0 phase, as explained in the following. As discussed in Section. 3.2,
O vacancies accumulate at the rim of CuyO grains which interact with
H,. This will lead to a partial distortion of the crystal lattice at the pe-
riphery of the CupO grains, generating tensile strain contributions,
which will be counteracted by compressive strain contributions in the
interior of the grains. Although the validity of such O-vacancy induced
stress generation is debatable this mechanism would rationalize not only
the development of an overall compressive strain in the Cup,O phase
during the incubation time, but also the accompanied apparent gradual
decrease of the average grain size (see Fig. 4b) as seen in Ref [18].

As discussed in Section 3.1, the PBRs for Cuz0 and CuO are much
larger than unity and, consequently, reduction of Cuy0 (or CuO) to Cu
metal induces a volume shrinkage- Initially, the nucleated Cu domains
will still be largely coherent to the parent CuyO grains and the CupO
phase has a much higher compressive strain (~ -0.2%) than the Cu
phase (= —0.05%). The accumulation of volumetric strains during the
Cuz0 — Cu transformation step (i.e. during further growth of Cu metal
grains) results in an open grain boundary structure and may eventually
induce intergranular cracking, as observed in Refs. [49,50]. Inter-
granularity at the grain boundary enables fast relaxation of accumulated
film stresses, as indeed evidenced in Fig. 6¢. These open grain bound-
aries act as short-circuit paths for fast inward diffusion of molecular
hydrogen, thereby increasing the effective surface area for dissociative
adsorption of Hj. Except for an initial small increase during the post-
nucleation stage, the strain level in the Cu phase remains relatively
low and practically constant until the Cu0 — Cu transformation has
completed. The Cu grain size gradually increases by grain growth.

SEM micrographs of the as-deposited 300-nm-thick Cu film, as well
as of the reduced Cu at 300 °C in 5 vol%-Hy/Ar, are shown in Fig. 5 (a-
c). It follows that the as-prepared dense Cu metal film (Fig. 5a) is
effectively transformed into a highly porous Cu scaffold (Fig. 5b and 5¢)
by initial oxidation and subsequent reduction. It is worthy to mention
that the average size and shape of the final Cu scaffold depends on the
original microstructure of the formed oxide phase (either CuzO or CuO
film) and, in particular, its grain size, as shown in Fig. 6. The extended
voids along the original Cu/Al;O3 interface, as observed in Fig. 5b,
primarily originate from Kirkendall voiding during the oxidation step.

3.4. Effect of the CuO film thickness on the reduction kinetics

As follows from the above discussion, the CuO — Cu50 and Cu,0 —
Cu transformations run in parallel, as primarily governed by the tem-
perature, the film thickness (as well as the chemical activity of hydrogen
which is not the scope of this work). This implies that, depending on the
individual transformation rates, the phase transformation sequence may
be partially obscured from the XRD analysis, depending on external
experimental variables such as the temperature, hydrogen partial pres-
sure, defect density, measurement time step, as well as the sample’s
dimensions and surface morphology. The effect of the CuO film thick-
ness on the phase evolution during reduction at 300 °C was investigated
by reducing the initial CuO film thickness from ~ 530 nm to ~ 90 nm
(corresponding to initial Cu film thicknesses of 300 and 50 nm,
respectively). The measured phase evolution during reduction of the
thin CuO film is shown in Fig. 6a and can be compared to that of the
thick CuO film in Fig. 6b. The corresponding average grain sizes and
strain levels are plotted as a function of the reduction time in Fig. 6(c,d)
and Fig. 6(d,f), respectively.

Strikingly, a threephase co-existence during reduction is not
observed for the thinner CuO film; reduction of Cu0 to Cu metal only
commences after full reduction of the initial CuO layer into CuyO.
Theoretical [16,18,45] and experimental studies [2] on the reduction of
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Fig. 5. SEM micrographs of a 300-nm-thick Cu film in the as-deposited state, and after -reduction of the oxidized Cu,O film. (a) Cross section of the as-deposited Cu
film. the initial Cu film was oxidized at 275 °C to form a single-phase CuO film and subsequently fully reduced at 300 °C in 5 vol%-H,/Ar. (b) Cross-sectional and (c)

planar SEM micrograph of the nanoporous Cu scaffold obtained by reduction.

CuO0~->Cu,0->Cu reduction CuO->Cu,0->Cu reduction
CuO film thickness =~ 90 nm CuO film thickness ~ 530 nm
|
@
=
>
o
s
3
©
£
@
g
1(d)
= :
£
N
w
<
g
(o))
{(f)
0.1% & -0.1% - :
Pl
£ -0.2% - -0.2% - : .
@ H
-0.3% : -0.3% - g "
] ( ; 1300 s
-0.4% +—————tr—————— —  0.4% +—————— :
0 1000 2000 3000 0 1000 2000 3000
time (s) time (s)

Fig. 6. Reduction of single-phase CuO films with thicknesses of 90 nm and 530 nm at 300 °C in 5 vol%-H,/Ar, as monitored by in-situ time-resolved XRD. (a,b)
Integrated CuO, Cu,0 and/or Cu peak areas as function of the reduction time. (¢,d) Average CuO, Cu,O and/or Cu grain size as function of the reduction time. (e,f)
Average strain in the evolving CuO, Cuz0 and/or Cu phases as function of the reduction time. The ~ 90 nm thick CuO film is produced by oxidation of a 50 nm thick
Cu film at 300 °C. The ~ 530 nm thick CuO film is produced by oxidation of a 300 nm thick Cu film at 400 °C (identical data set to the data set in Fig. 3a,b).

Cu-oxide in hydrogen have concluded that the CuO — Cuy0 (i.e. Cu®*
—Cu™) reduction process is energetically more favorable than the Cu,O
- Cu (i.e. Cu™ »Cu®) process under the same hydrogen partial pressure
and temperature. Moreover, a supersaturation of under-coordinated Cu
metal atoms at the CuyO surface is required [18] to trigger the nucle-
ation of metallic Cu domains [27]. Consequently, for very thin CuO
films, the fast CuO — CuyO transformation may have been completed
prior to the detection of the Cu phase by XRD.

As presented in Fig. 6, the incubation time for the onset of the CuO —
Cu20 reduction is reduced from 1300 s to 970 s by decreasing the initial

CuO film thickness from 530 nm to 90 nm As discussed in Section 3.2,
the incubation time is attributed to the “activation” of the CuO surface
for dissociative adsorption of Hy, which should be independent of the
CuO thickness. However, the thinner CuO film is produced at a lower
oxidation temperature (300 °C) and therefore has a smaller average
grain size by grain growth (~ 20 nm) as compared to the thicker CuO
film (as produced at an oxidation temperature of 400 °C, resulting in a
grain size of ~ 30 nm). Intersecting grain boundaries and porosity at the
CuO film surface will act as short-circuit diffusion paths and trapping
sites of hydrogen, thus allowing inward penetration of the reduction
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front. The higher grain boundary density of the thinner CuO film at the
surface will thus results in a substantial shorter incubation time. Hence,
the competition between the CuO — Cuy0 and CuyO — Cu reduction
rates crucially depends on the initial grain size at the surface of the
parent CuO/Cu30 film, which has been disregarded up to date.

Moreover, as follows from kinetic considerations, the hydrogen
concentration across the CuO film will be much steeper for smaller CuO
film thicknesses, which further promotes the generation of oxygen va-
cancies and thereby increase the reduction rate. Indeed the CuO — Cuz0
reduction rate is much higher for the thin CuO film (90 nm vs 530 nm,
compare Fig. 6a and 6b).

Strikingly, although the initial grain sizes of the thin and thick CuO
film are different (20 nm vs. 30 nm), the final Cuy0 grain size evolution
during the CuO — Cuy0 reduction stage is similar for both films (devi-
ating between 20 and 28 nm), independently of the initial thickness and
of the presence of the three-phase coexistence. This suggests that the
formation of the Cuy0 grains occurs rather heterogeneously at the pe-
ripheries of the Hy exposed CuO grains and it is governed by the
reduction temperature, in accordance with Refs. [28,51].

As discussed above, the CuO — Cu0 and CusO — Cu phase trans-
formations are detected sequentially for the reduction of the thin CuO
film (90 nm), whereas a three-phase coexistence is observed only for the
reduction of the thicker CuO film (530 nm). During the CuyO — Cu
transition, the thin CuO film exhibits a gradual increase of the Cu grain
size during the reduction process (Fig. 6c¢), indicative for Cu grain
growth. The thick CuO film also shows a gradual increase of the Cu grain
size by grain growth, which is followed by a non-monotonic sudden
increase of the Cu grain size at the end of the reduction process (Fig. 6d)
by grain coalescence (as triggered by upon complete disappearance of
all oxide phases).

The general trend in the strain evolution of the developing Cu0
phase is independent of the phase coexistence during reduction, see
Fig. 6e and 6f. During the initial stage of Cu grain formation and growth,
the Cuy0 phase develops a higher compressive strain than the Cu phase
(see Section 3.3), which relaxes by pore formation at the final stage of
the reduction process. Although the strain curves are similar in shape,
the thinner CuyO film can sustain much higher compressive strain levels
(of up to —0.4%) prior to relaxation, as is also evidenced in Fig. 6e.

SEM analysis of a nanoporous Cu film obtained by reduction of a
single-phase CuO film at 300 °C is shown in Fig. 7a. It follows that the
nanoporous Cu scaffold obtained by reduction of the single-phase CuO
film has smaller grains and pores (resulting in a different open porosity)
than the Cu scaffold obtained by reduction of the single-phase CuyO
film: compare Fig. 7a and 5c. The Cu grain size after reduction depends
on the grain size of the Cu20 phase, which is indeed slightly smaller for
the reduction of the CuO film (compare Fig. 6d with Fig. 4b, ~20 nm vs
28 nm at the beginning of the process). As shown in Fig. 7b, the porous
Cu scaffold obtained after reduction can be reoxidized to obtain single-
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phase CuO (or Cuy0) scaffolds with a very high specific surface area.
Such porous CuO and Cu2O scaffolds can be envisaged for a wealth of
applications in the field of e.g. catalysis, batteries, water treatment and
biomedical applications.

4. Conclusions

Single-phase Cu20 and CuO thin films of various thicknesses were
prepared by thermal oxidation of magnetron-sputtered Cu films in
synthetic air, while monitoring the phase transformation sequence by in-
situ time-resolved XRD. The Cu,O — CuO phase transformation follows
a diffusion-controlled growth law, whereas the Cu — Cuy0 oxidation
kinetics obey a linear rate law, characteristic for surface-limited growth.
The large difference in molar volume between Cu and Cu30, leads to the
generation of compressive growth strains during oxidation, which are
relaxed by the formation of Cu vacancies and associated Kirkendall
voids at the inwardly migrating Cu/Cuy0O interface.

Single-phase Cuz0 and CuO thin films of variable thickness were
reduced in 5 vol% Hs/Ar at 300 °C. For 50-nm-thick CuO films with an
average grain size of ~ 20 nm, the formation of Cu metal is only detected
after complete reduction of CuO to Cuy0. On the contrary, for 300-nm-
thick Cu films with an average grain size of ~ 30 nm, Cu metal is already
detected before the complete reduction of CuO to Cuy0 phase, resulting
in a three-phase coexistence. Intersecting grain boundaries and porosity
at the CuyO film surface will act as short-circuit diffusion paths and
trapping sites of hydrogen. Consequently, the higher grain boundary
density of the thinner CuyO films results in a shorter incubation time and
faster reduction rates. As a result, the CuO — Cuy0O transformation step
is completed within a much short time for the thinner CuO film with a
smaller grain size. Hence, the evolution from CuO — Cuz0 and Cuz0 —
Cu reduction rates crucially depends on the initial grain size of the
parent CuO or CuyO film, as well as the initial CuO or CuyO film
thickness.

The reduction of the CuO or CuyO films in Hy was found to be pre-
ceded by an incubation time during which oxygen vacancies are accu-
mulated in the oxide subsurface region by HpO formation and
desorption. Formation of the product phase (either CupO or Cu) is
triggered once a certain density of accumulated oxygen vacancies is
reached at the periphery of the grains of the parent phase (either CuO or
CU20).

Highly porous Cu scaffolds can be obtained by reduction of single-
phase Cuz0 and CuO films, as produced by controlled oxidation of a
Cu metal film. The average size and shape of the final Cu scaffold de-
pends on the grain size and the thickness of the initial Cu-oxide phases.
The porous Cu scaffold can be reoxidized to obtain single-phase CuO or
Cuy0 scaffolds with a very high specific surface area. With all these
insights regarding the controlled oxidation of Cu films into oxide phases
and now well understood reduction kinetics of CuO or Cuy0 phases, this

Fig. 7. (a) SEM micrograph of the surface of a nanoporous Cu film, as obtained after reduction of a single-phase CuO film at 300 °C in 5 vol% H,/Ar. The initial dense
CuO film was produced by oxidation of a 300-nm-thick Cu film at 400 °C. (b) SEM micrograph of the surface of a nanoporous CuO film, as obtained after reoxidation
of a nanoporous Cu film (produced by oxidation of a 50-nm-thick Cu film oxidized at 200 °C and subsequent reduction at 300 °C in 5 vol% Hy/Ar.
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work paves the way for tuning porosity in Cu thin films, highly relevant
for specific catalysis applications.
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