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Morphology and texture of nanocrystalline
copper prepared electrochemically from oxides
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The electrochemical reduction of metal oxides provides an appropriate technique for the
production of nanocrystalline mesoporous metals at room-temperature. Polycrystalline
sintered CuO and Cu,0 single crystals were reduced to Cu in this study. Electron
microscopy and diffraction results demonstrate the dependence of the metal
microstructure on the preparation and post-treatment conditions. The size and microstrain
of the crystallites are controlled mainly by the preparation temperature. This method
enables the reproducible production of medium-scale nanocrystalline metals independent
on critical process parameters. © 2000 Kluwer Academic Publishers

1. Introduction sary, however, to determine the viability of using this
Nanocrystalline metals have attracted the interest ofmaterial for a number of applications. The results of
both chemists and physicists for years. However, onlyelectron microscopy and x-ray diffraction (XRD) anal-
very few preparation methods have been developegisis of electrochemically produced Cu are presented in
which are capable of producing larger amounts ¢/h)  this paper. Morphological modifications are discussed
of unstabilized nanocrystalline metals with high purity in terms of possible reaction mechanisms. Observed
[1, 2]. Electrochemical techniques have been shown tehanges of the microstructure as a result of the use of
be an useful alternative to inert gas condensation, predifferent preparation and post-treatment conditions is
cipitation, or milling. The main advantage of electro- also discussed. The consequences of these treatments
chemical synthesis is its relative simplicity. In addition, and various morphologies on the oxidation behavior of
it is possible to carry out the preparation under ambithe Cu samples is also discussed.
ent conditions. Pulsed electrodeposition [3] (fluid-solid  This work considers a quantitative, solid-solid bulk
transition) has been shown to resultin a dense nanocryseaction. This represents a qualitative difference to the
talline material. Recently a new concept was developeélectrochemical surface reactions typically studied. In
to producemesoporousnetals and oxides viaolid-  contrast to the latter, the reaction presented here pro-
solid bulk transformations. This may be accomplishedceeds far from the solid-electrolyte interface. Reaction
by employing electrochemical reduction and reoxida-is, therefore, diffusion controlled. Surface effects such
tion of transition metal oxides or salts with low forma- as dissolution, deposition or reactions with the elec-
tion enthalpies [4, 5]. trolyte ions play only minor roles.

The morphology of the materials produced with the
latter method has been demonstrated indirectly by per-
forming density calculations and a variety of analytical2. Experimental
techniques such as line broadening in x-ray diffrac-Nanocrystalline Cu was prepared by the electrochem-
tograms and BET measurement of the surface area. lical method described in detail in ref. [4]. The reac-
addition, it is well known that the reactivity of com- tion was performed in aqueous electrolytes in a three-
pounds obtained by this method is significantly higherelectrode cell with Pt as counter electrode and Hg/HgO
than those produced by other techniques [4, 5]. No dias reference electrode (fér< 0°C a Pt foil was used).
rect observation of the nanocrystals and the mesopord¥essed and sintered cylindrical pellets of polycrys-
has been made. An accurate knowledge of the crystdhlline CuO served as working electrodes. The cell was
size and shape as well as of the pore structure is neceglaced in a cryostat in order to vary the temperature
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between—40 and 65C. The cell was purged with N The products were examined by optical microscopy
to avoid a reoxidation of the working electrode. and scanning electron microscopy (SEM, Hitachi
Standard electrochemical reduction was performed 2700 and S 4000) at 10—-20 kV. Sintered pellets of CuO
in the potentiostatic mode in 0.1 M KOH (far<0°C  (10-50 mg) or single crystals of @0 were reduced
1 M KOH in an ethanol/water mixture) in order to obtain partially or totally (galvanostatic mode, 50—-2Q@\,
homogeneous products without changes in the poter®.1 M NaOH). In some cases the pellets were broken,
tial during the preparation. The pellets were contacte@dnd the fresh profiles were studied. Energy-dispersive
electrically using Pt wires. Two contacts in the middle x-ray analysis (EDX) of the Cu-L and O-K signals was
of the disc (top and bottom) were applied in order toperformed using an EDAX DX-4 system with 5 kV
avoid problems arising from the strong dependence oécceleration voltage.
the evolution of the CuO/Cu (insulator/metal) interface  Transmission electron microscopy (TEM) and elec-
and the resulting current flow through the electrochemitron diffraction (ED) were performed in a JEOL 200B
cal cell on the number and local distribution of the elec-with 150 kV as well as in a Philips CM 200 LgBvith
trical contacts. After starting at a rather high potential200 kV acceleration voltage. Sintered CuO pellets with
(vs. Hg/HgO) where no reaction occurs, the potentiala diameter of 3 mm and a thickness of 0.1-0.3 mm
was decreased slowly until a reduction current was obwere dimpled and subsequently sputterednait keV
served. The reaction was immediately stopped and thAr™ ion beam at 3QvA gun current under an incident
experiment was started at a working potential 50 mVsputtering angle ranging from 4 t6.2ZThese samples
lower than the potential determined before. This procewere partially electrochemically reduced (galvanostatic
dure was chosen in order to eliminate the temperaturenode, 10QuA, 0.1 M NaOH) to a degree in order that
influence on the electrochemical potentials. the sharp reaction front [4] be located in the transmis-
The reduction potential and electrolyte used weresible region, i.e. both CuO and Cu regions could be ob-
varied in order to investigate their influence on theserved. Subsequently the samples were rinsed in water
product. Galvanostatic runs with current densities ofand acetone, dried, and transferred into the microscope.
1-400 mA/g were performed additionally (especially The total exposure time to air was about 10 min. In an-
for electron microscopy studies). other experiment a GO single crystal was partially
Cuw,0 single crystals were grown by molten salt syn-reduced, the procedure was the same as described.
thesis. 0.5 g Cu powder and 10 g KOH were placed in To study the oxidation behavior of the copper prod-
a corundum crucible with a lid (not absolutely tight to ucts a solid electrolyte coulometry system Oxylyt
allow a limited gas exchange) and heated to’d60’he  (SensoTech) was used. A carrier gase (Ar, 1 bar) was
melt was cooled after 40 h to ambient temperature, antbaded with 1 mbar @ The oxygen consumtion during
the solidified KOH was removed with water. The solid heating (50 K/h) of the sample was titrated.
product consisted of flat GO (ca. 1x 1 x 0.1 mn¥) In this paper, the term “grain” denotes a crystallite
and CuO crystals. Most crystals were twinned, how-(in the order of magnitude of 1-1@m) of a poly-
ever; the biggest untwinned crystals had an area ofrystalline sample (CuQ) before reaction as well as the
0.5 mnt. same unit after reduction. In contrast to this, the term
X-ray diffractograms were performed at room tem- “nanocrystal” or “particle” referrs to a crystallite of the
perature with a Siemens D 5000 (Cy#K,, radia- reduced copper (5-50 nm).
tion) with a scintillation detector in reflection mode.
LaBg was used for instrumental correction. Pellets
were investigated in the as-prepared state as well g Results
powdered to check the bulk character of the trans3.1. Electrochemistry
formation. The anisotropic crystal size distribution The oxide working electrode (cathode) began to convert
and microstrain were evaluated with a programme [6}o copper metal immediately after starting the electro-
based on the Fourier method by Warren and Averbachemical process. Reaction occured with a sharp reac-
(shortly described in ref. [3]; see references therein)tion front starting from the electrical contact. No gas
The anisotropic crystal size and microstrain were deevolution was observed at the working electrode or the
termined according Williamson and Hall [7]. For both platinum leads under normal reduction currents. The
methods the Bragg reflex pairs 111/222 and 200/40Qeaction was accompanied by gas evolution at the an-
were analyzed in order to obtain size and strain paramode. The electrode reactions in the electrochemical cell
eters perpendicular t¢111} and {100}, respectively. are formulated as follows (for CuO):
The influence of stacking and twin faults on the crys-
tal size (actually the column lengths) computed by  aAnode: HO — 2H + 10, 1 +2e (1)
the Warren-Averbach approach was further corrected
by a method of Warren [20] giving an isotropic vol- Cathode:  2H +2e” +CuO— Cu+H;O (2)
ume weighted column length and finally the volume
weighted grain sizeD>\. The latter is usually deter- It is remarkable that the color of the educts changed
mined by XRD methods. The median of the distributionimmediatly after applying the current. This occurred
function Dyeq Was calculated assuming a log normal parallel to the appearance of the first visible copper
distribution for the grain size [3]. This value representstraces. CuO (red) turned to dark-red (almost black)
an averaged grain sizez<D>\, was calculated also and CuO (black with a slight metallic lustre when sin-
from the anisotropic size values from the Williamson-tered) became matt black. No correlation with these
Hall calculation. color changes could be resolved in the current-time or
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potential-time curves. This initial period of the elec- been attributed to surface oxidation which produces ox-
trochemical reaction is dominated, however, by strongde sheets at the external and (porous) internal grain
overpotential or low currents [4]. This is due to the boundaries. Slightly oxidized samples are more use-
small area of the reaction front. The effect described igul for studying morphological features by SEM as the
therefore not expected to be visible in the curves. surface morphology is not affected by the oxide skin

The presence of an overpotential prevents the excluicompare Fig. 2b and 2c). The imaging of the same
sion of the electrochemical formation of CuH. This is region after storage in air is limited, however, due to
possible once copper nuclei are formed and enablethe smoothing of structures as a result of carbon con-
also the chemical reduction of copper oxide by CuHtaminations at irradiated areas (compare Fig. 2b and
in a continuous process. There was no evidence for thec). Therefore different regions (for example Fig. 2d)
formation of CuH, however. Only the reactions accord-were investigated for the time evolution. After extended
ing to Equation 2 are therefore considered (for a furthestorage new features (secondary crystals, precipitates)
discussion of mechanism see below). become visible. This results from oxidation and as a

The mechanical integrity, size and shape of the CuQesult of reactions with 5D or CG.
pellets was retained after reduction (pseudomorphism). A detailed study of the reaction front (oxide/metal
The total conversion to Cu was proved by monitoringinterface) was performed with partially reduced,Ou
charge transfer (2°¢f.u.) and performing XRD analy- single crystals. The front was characterized by a gap
sis of the products [4]. The pellets had the typical colorlocated at or parallel to the GO/Cu interface (Fig. 4).
of copper. A spontaneous surface oxidation occured &he expected changes in relative signal intensities ob-
few minutes after switching off the current. This resultsserved by performing an EDX line scan (Fig. 4e) identi-
in a darkening of the pellets. Samples prepared at loviies the reaction interface. The interface is not identical
temperatures<{—20°C) turned to black within a few with the gap but the latter is situated at the Cu site for
seconds at room temperature. This is a clear indicatahe example shown in Fig. 4. The line scan indicates
of the increased reactivity of these samples. a higher density of Cu in a narrow zone behind the

Cw,O/Cu interface.
. Both edges of the “gap” appear to match each one

3.2. Grain Morphology _ _ another. This feature it is, therefore a crack and not a
Both changes of the initial oxide grains or single crys-go|ig/fluid/solid or solid/gas/solid interface formed in
tals after reduction and the internal structure of thethe course of the reaction. In the latter case the gap
grqins themselves, i.e._the morphology of the nanocrysyas a “moving crack”. This represents a case where
tallites have been studied by SEM. ~ the reaction most likely terminates as a result of the
~ Reduced polycrystalline CuO pellets are considereqoss of electrical contact. The sample should easily fall
first. Fig. 1 shows the surface of a partially reducedypayt,
pellet. The CuO and Cu parts are clearly discriminated ' The morphology of the Cu side is characterized by a
in the backscatter-electron (BSE) image. The reactiopather dense microstructure located between the inter-
front appears sharp when crossing a grain. A gap bégce and the crack and the already described lamellar
tween both zones is visible both in the secondary elecstrycture behind the crack. The lamellas usually appear
tron (SE) and the BSE image (further details of the gamarallel to the reaction front. Their intensity and their
see below). The grains are well separated each froringles with the surface vary. Their appearance is likely
another at the reduced side. This is a sign that the graigependent on the orientation of the lamellas in the crys-

volume decreases significantly during the reaction angy| |attice and relative to the surface (cf. Fig. 3).
results in eventual destruction of the grain boundaries.

This shrinking also was observed in the bulk by SEMin-
spection of a fracture edge. It turned out that the relative8.3. Nanocrystal morphology
volume change depends on the current density. Higlseveral CuO pellets were partially reduced and subse-
currents result in large shrinkage. Small currents causguently examined by TEM. Unreacted polycrystalline
less shrinking. Especially large grains show cracks an€€uO and regions of nanocrystalline Cu were identified
tears (Figs 1 and 2). The evaluation of SEM imagesy ED (see below). No intermediates (Cu nuclei;Ou
shows a total decrease of the grain volume between 18r suboxides) were detected.
and 30% for reduction currents of 1-400 mA/g, respec- The nanocrystals were clearly resolved in the bright
tively. field images (Fig. 5). An additional impression of the
The surfaces of the grains themselves show a wekhape and size is provided in the dark field images
pronounced substructure at higher magnifications. ThéFig. 6). The crystallites appear compact and with-
CuO grain surfaces are flat and show terraces. Theut regular shape. Several crystallites show interfer-
reduced ones assume a lamellar morphology (Figs 2nce contrast (Mo fringes) (Fig. 5b) indicating good
and 3). This morphology was already described incrystallinity and a rather flat crystal shape. The di-
the previous investigation [4]. Samples prepared aameter distribution of nanocrystals prepared at room
room temperature exhibit a lamella thickness of aboutemperature is rather broad and lies between 6 and
30-100 nm. The lamellas also have a substructure5 nm.
They appear to represent quasi-two-dimensional ar- No regular arrangement of nanoparticles or a regu-
rangements of relatively densely packed nanoparticledar pore structure was detected. The shape and the ar-
The contrast of the lamellas is enhanced after storrangement of the crystals show a considerable amount
age in air (Figs 2 and 3) or in the electrolyte. This hasof intergranular space. It is possible that the packing of
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Figure 1 SEM images (bottom left: SE, secondary electron image, bottom right: BSE, backscatter electron image) of a surface of a polycrystalline
sintered CuO pellet partially reduced to Cu. Lower part (dark in BSE): CuO, upper part (bright in BSE): Cu. Note the separation of the grains at the
Cu site and the tears at the reaction front (top: magnified SE image) due to shrinking.

crystals is much closer in the bulk of a grain than at theshows an image and the corresponding ED pattern of a
edge investigated here with TEM. region which was formed from a single CuO grain. The
non-uniform intensity distribution over the diffraction
rings of the nanocrystalline product indicates a rather
3.4. Nanocrystal texture close orientation distribution around a preferred orien-
The ED patterns of nanocrystalline regions (Fig. 5a)tation, i.e. a strong texturing. This has already been pro-
are characterized by a series of diffraction rings. Theposed based on powder XRD data [4]. The diffraction
predominant rings are assigned to Cu. Weak rings of repattern in Fig. 7 (processed pattern of Fig. 5a) repre-
oxidized CuO (see above) were also identified. Fig. 5sents nearly the [ zone ([100]/[011] plane) of the
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Figure 2 (a) SEM image (SE) of a typical grain of a polycrystalline CuO sample (10-mg pellet) after reduction (galvanostatic mqodé, 400
contact 10 min) to Cu. Tears are marked with arrows. (b) Section of a. (c) Same section after 8 days in air. (d) Another section after 12 days in air.
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Figure 3 SEM images (SE) of typical surface structures of CuO grains after reduction and storage in air for two weeks. The sphere-like crystallites
visible in the bottom image may be already secondary crystals from the reaction of Cu with air.

3968



Metal-Oxide
Interface

200 nm CU

200
200 o CuO

|—|

Figure 4 (a) SEM image (SE) of the reaction front on ayCusingle crystal (galvanostatic mode, 58, air contact 2 hours). (b)—(d) Sections of (a).
(e) EDX line scan over the reaction front. The arrow marks the increased Cu signal behind the oxide-metal interface.

Cu main orientation with a slight cantingy i.e. the  about 20 may be estimated from the length of the ring
(61 11+ 6) (with 81, 82 < 1) projection. The “spots” segments. The weak inner ring arising from reoxidized
which are not visible in a [0l ED pattern of aideal Cu, i.e. the 111 ring of GO (marked in Fig. 7), shows
single crystal are marked wit$p or ©. The inability  the same intensity distribution as the 111 ring of Cu.
to image these spots arises from the fact that they are The disadvantage of the described TEM investiga-
located above or below the diffraction plane in the re-tion using polycrystalline material as starting com-
ciprocal space. The other “spots” form the rectangulapound for the electrochemical reduction is obvious.
[011] pattern of a cubic crystal (grid in Fig. 7). This ac- The nanocrystalline product contains regions arising
counts for the systematic absences of the face centerdm different educt grains showing different orienta-
lattice. The orientation distribution function was not an-tions. Hence a correlation between the preferred orien-
alyzed. A Gauss-like distribution with a half width of tation of the product nanocrystals and the orientation
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20nm
(b)

Figure 5 (a) Bright field TEM image of a CuO grain reduced to Cu and ED pattern taken from the entire grain. (b) Section of (a).
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50 nm

Figure 6 Dark field (from 111) TEM image of an edge of a CuO grain reduced to Cu.
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Figure 7 Processed and indexed diffraction pattern from Fig. 5a. The indices correspond to diffuse diffraction spots at or near the [100]/[011] plane
of a single crystal, i.e. the [100]/[011] plane of the main direction of strongly textured polycrystalline material. Marks and grid are explaaed in t
text. The weak inner ring labeled as Larises from CpO.

of the educt crystals is not possible. To fix the orien-single crystalline CxO, whereas the other side consists
tational relationship problems partially reduced,Ou of nanocrystalline Cu. ED over the entire area (Fig. 8)
single crystals were investigated again. As in the SEMprovides a direct correlation of the crystal orientations
study the reaction front was accompanied by a craclof both parts. The projection shown in Fig. 8 is quite
which had slightly transparent edges (Fig. 8). ED andunusual and yields less information (a rotation of the
dark field imaging proved that one side of the crack issample led to a blocking of the view of the transparent

3971



T[110]

220 Cu

»—-220 Cu,0

500 nm

Figure 8 TEM image and ED pattern of a partially reduced,Owsingle crystal. The GO and Cu parts are separated by a tear. The ED pattern is a
superposition of single crystal spots of u([331]/[110] plane) and inhomogeneous rings of textured nanocrystalline Cu.

region). The Cu 220 reflexes show a spot-like intensity

distribution in-line with the 110 single-crystal reflexes 0,6

of Cu,O. This provides strong evidence for the coinci- 0.5
dence of thg110} net planes of both phases. ’ ®
04 -
@

. 0,3

3.5. Control of morphology and reactivity i v y Vo2

Both size and microstrain were examined using XRD in

order to study the dependence of the morphology of the 60
nanocrystals on the preparation conditions. XRD rep- 5
resents a fingerprint method which is better suited thar 50 -
electron microscopy for comparing a series of samples i o
Preliminary results based on the use of the ScherreE 40 |- -—<D>, \V/
equation yielded an average crystal diameter of 20 an~. g
12 nm for samples prepared at 20 andi0°C, respec- é s

tively [4]. v 20 L]
The diffractograms, in particular the line widths, i
were found to be independent of the electrochemica 10 [ -—D,.J
method employed, the potential or current density (i.e ol -t 1
reaction kinetics), and the electrolyte (composition anc 40 20 0 20 40 60
concentration). In addition, the pellets were spatially T /°C
EC

homogeneous, i.e. the surface particles had the san..

prOpemes as the bulk ones. Figure 9 Volume weighted particle sizeD >\, and microstrain param-
Samples prepared at different temperatures, hOWeter e determined by XRD analysis (circles: Warren-Averbach; triangles:
ever, gave significantly different diffractograms result- williamson-Hall evaluation) as well as estimated mean particle diameter

ing in different size and strain parameters (Fig. 9). ThePweq of nanocrystalline Cu as a function of the preparation temperature.
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column length distribution as calculated by the Warren-oxidation (see above, [8]) between the termination of
Averbach method was shown to be rather broad. Thiglectrochemical reduction and the start of the heat treat-
led to a significant difference between the volumement. The spontaneous oxidation at room temperature
weighted particle sizexD>\, and the median of the in air and the first oxidation step in 1 mbag @& about
distribution functionDyeg, i.€. large grains are strongly 100°C appear, therefore, to be the same process. The
overestimated. Moreover the calculations indicated thashift in the onset temperature for a given sample is due
the number of stacking and/or twin faults is very highto the different oxygen partial pressure.
and results in reduced apparent crystal sizes when com-
pared to values calculated using the simple Scherrer
equation [4]. The value foDpeq is strongly dependent
on the choice of the distribution function. The usual
<D>\q values are, therefore, given in Fig. 9 together
with those obtained using the Williamson-Hall method.
It was estimated from the crystallite size distribution
(1.5 <0 <2.0) that<D>\g is about twice as high as
the crystal diameter with the highest abundabgg, .
The latter represents the actual average crystallite si
as evaluated by TEM and coincides well with fDgeq
values. The results shown in Fig. 9 exhibit a well pro-
nounced trend. The particle sif&, is in the order
O SeemS g Ve & MMM 819U ering)coui be separated. |
The averaged (isotropic) microstrain coefficients cal- The reduction .Of the_OX|de obwously starts with a
culated using both methods exhibit the following trendfastsurface reaction which becomes visible by the (;olor
(Fig. 9): They are almost constant for preparationChange' The natur_e_qf the formed surface species is un-
C . : ... known. One possibility is the formation of highly de-
temperatures above’O and increase drastically with

decreasing preparation temperature for those IOwefectlve copper oxide (point defects or extended defects)

Ltthe sample surface which was found upon decreasing
than OC. Note that the strain coefficients from the : : ;
Williamson-Hall calculation do not only represent thethe oxygen partial pressure (first steps of reduction to

microstrain but also contributions from stacking faultscu) athigh temperatures [11-13].

. ) It was not the aim of the present study to clarify the
and twin boundaries. Moreover the Warref'AV?rbaChmechanism of the bulk reduction, i.e. the structure of
strain coefficient is given folD = Dyeq < Dyjeqr i-€-

small particles with relative high microstrain. The val- Equation 2. Experiments to explore reaction kinetics
Les i?/en in Fig. 9 must the?efore be conlsidered aand deduce rate laws are not discussed here. Neverthe-

given 9- Lo - fess some remarks are necessary to discuss the morpho-
upper limits for the microstrain coefficient.

It appears that the reactivity of the nanocrystallinebglcal properties of the product. The reduction at low

; R ... _temperature is suppressed due to thermodynamic rea-
material depends on the crystallite size. The oxidation ons (reaction enthalpy) thus requiring a strong driving

behavior of crushed pellets was investigated upon heaf-

S . orce to proceed. Copper oxides are considered com-
ing in 1 mbar oxygen (Fig. 10). The onset temperaturemonlyto be cation defective and metal (formally: cation

assigned to surface oxidation (almost no conversionfocacancy) conductive [11, 14, 15]. The concentration
polycrystalline Cu) is clearly dependent on the CryStaIgradient, therefore, would drive a cation motion away

frlé?: l\t/lhoeresor\T/]:r”EiLethc%r!?/t;?srig;ﬁcjs\tlrﬁrslzn?lslg t?ee ;?gf om the oxide/metal interface and suppress the reduc-
: ’ p€ prep ion. This is a most important difference to the much

at —4(°C was rather low compared to the ather Sam-ore intensively studied metal oxidation process. Ex-

ples. This was probably due to enhanced spontaneoLESmal reactants (as e.g. hydrogen in case of chemical
reduction) are not present. Thus the electrochemical po-

4. Discussion
The experimental results described above demonstrate
that the electrochemical reduction of copper oxides re-
sults in the formation of nanocrystalline and porous
copper metal via a solid-solid bulk reaction of the cath-
ode. Since the reaction temperature is markedly be-
ZIow the onset temperatures of strain relaxation or grain
Srowth [9, 10] the observed morphology and measured
materials parameters are considered to represent the as-
prepared state. That is, unlike as for high temperature
reduction methods, crystallite formation and growth

0,30 prrr T T T ARSSAL AR tential provides the only possible driving force. Oxygen
I /=/=' ions are assumed to be immobile first (but see below).
0.25 - e d Thus simple decomposition into oxygen and copper
0.20 i T 225°C T e5°C i @ons, ie. thg migration of copper iqns to f[he oxide/metal
« L <B=sonm/l <De =33nm ] interface driven by the electrical field is impossible due
g 0,15 |- ' ! i to charge balance. Charge must be injected as elec-
c / ] trons from the metal/oxide interface or as protons from
> 0,10 | / 4 the electrolyte/oxide interface. An injection of electron
T.-40c ! owvervstaiing | holes fromthe elgctroly'ge/oxide interface Would_lead to
0,05 - <Ds,=12nm zmymmyercial) . hydrogen evolution. This was not observed. Since the
Y, T electron injection from the metal side cannot solve the
0.00 B, e T Ll problem of oxygen ion oxidation the reduction is ex-

pected to proceed as internal decomposition according
T/°C to Equation 3 for the example @Q.

Figure 10 Oxidation behavior (1 mbar£50 K/h) of copper dependent
on the particle sizeD> . CwO + 2H" — 2Cu" + H,0 3
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2Cu" +2e — 2Cu (4) calprocess)one should be careful, however, to compare
these results.

The reduction leads formally to a shrinkage (about
0% for both copper oxides) of the solid independent on
e local processes. This is due to the difference in the
N A - ; . molar volume of oxide and metal. The shrinkage must
ity In _the_omde IS neg_llglble. The mterfamal contact .44 to mechanical stress between the still intergrown
is maintained by plastical deformation up to a crltlcal_(See above) metal and oxide in the oxygen diffusion
de'g.ree. The obsgrveq texture re;u!ts from the MaXIodel. This results in local plastic deformation and fi-
mizing of interfacial alignment as it is known for the nally in fracture. In the metal diffusion model the total
oxidation [15]. volume of the formed metal particles is smaller than the

An alternative possibility is based on two significant equivalent consumed oxide volume. Since in any case

d|fference_s of the reaction descnb_ed here compar_ed fhe reduction proceeds locally (at the reaction front) in
any chemical high temperature oxidation or reduction;

. . . ; ‘a practically inelastic matrix of unreacted oxide and al-
(i) the electrochemical potential provides a most stronq,eady reduced metal. i.e. in a “cavern”, the metal cannot

Snvmg forfetfor Kt)n ;r_\ot:qntever: ‘? low te(zjrr&pe_zr?turels; be compressed. Consequently unlike as for the metal
or example topotactical intercalation and deintercalaz,;qaion the product cannot form a dense structure but

tion (')tzl o>;ygen In HE;]OS'P:'O” mteta(; oxuljoe Cefg”;_'cs It? must represent a metallic matrix with water inclusions.
possibie 1o a much higher extend as by oxidation By \,qreqver, excess water must be removed via pores

molecular oxygen or reductlpn by mo[eculgr hydrernsince the sum of molar volume of water and metal ex-
(e.g. [16]). (ii) electrochemical reactions in aqueous

) = ceeds that of the oxide. The water can build up a large
electrolytes provide the participation of protons and

thus hvd lions inth tion both bile ch ressure due to this difference. It is expected that it
us hydroxylions in the reaction both as moblle charg&.,, pyrst the grains leading to the separation of the
carriers and as reaction partners.

) rains and even to cracks within the grains. The same
Thus one can assume that under reducing condJg g

. _—global morphology as in Fig. 1 (macroscopic cracks

tions oxygen defects are formed (.Cf' sgrfaqe reactiony o yeen grains) was found after hydrogen treatment of
described above) enabling oxygen ion diffusion in COp'oxygen containing copper [19]. This was explained as

per oxides. Diffusion of hydroxyl anions after_injection the consequence of water formation within the copper
of protons from the electrolyte (proton assisted OXY-\which bursts the structure. These cracks, however, are
gen diffusion) is even more probably. The reduction ' ’

. . ) . expected to become broad only after drying (see below)
proceeds via topotactic deintercalation of oxygen ac

) . ) ) Teading to further shrinking.
cording to Equa‘u_on 5 with the forma’non_of water at = rpq morphological changes seem to proceed in a col-
f[he electrolyte/omde interface or, re;spec'uvely, via thelective and self-organizing manner resulting in the ob-
mterme_dlate forma_mon of hydroxyl ions (.Equatlon 6). erved microstructure of crystallite sheets (lamellas).
Theanions reactwith protons to water. This Can proce€qpg |atter is a consequence of the diffusion control of
already at any defects in the bulk due to the diffusion oft

; nto th ide. Therefore the diffusion lenath he reaction. It is obvious that the crystal size of the
]E’J?o(;(r;zt';%r hf/(;)r)ngl.ion:rceagrse sﬁorlt usion 1engthgq,ct material has no influence on that of the metal

product. The latter rather depends on intrinsic proper-
ties of the materials participated. This is valid also for
CwO + 26~ — 2Cu+ O~ (5) the thickness of the lamellas which was found to be
_ _ homogeneous.
CuO +2e +H' — 2Cu+ OH ©6) Taking into account the oxygen-diffusion approach,
one can assume that in a narrow zone behind the reac-
Since the cations form face centered lattices in Cution front the oxide is already reduced to copper, but the
Cuw,O and CuO the topotactical removing of oxygenfragmentation and relaxation is not finished. The appar-
from any oxide forms copper metal without lattice re- ent density of copper is enhanced, therefore, compared
construction leading directly to the observed structurato both the oxide and the nanostructured copper. This
correlation (and texture) between oxide and metal. may explain the increased EDX signal (Fig. 4e) of Cu
The reaction front should propagate as a sharp oxbehind the oxide/metal interface.
ide/metal interface in the latter model, whereas in the The remaining water bound by capillary forces is re-
metal-diffusion model the front must be character-moved upon drying and evacuating (note the drop of the
ized by continuous honmonotonic changes in the locaD-signal in the EDX line scan in Fig. 4e; the remaining
metal-to-oxygen ratio and a discontinuous (“layer-by-signal is expected to originate from surface reoxidation
layer”) propagation. In each case the reaction is dif+ather than from oxygen or water inclusions). The ma-
fusion limited. For comparison, note, that the internaltrix further shrinks globally leading to a densification
reduction of CydO precipitates in a MgO matrix was of the nanocrystals within the sheets and the forma-
observed to result in a Cu/@0 -“patchwork”, where tion of cracks preferred at mechanically weak sites, i.e.
Cu and CyO have the same crystallographic orienta-grain boundaries (Fig. 1), along lamellas (tears in Figs 1
tion [17]. Conversely, reduction of PdO nanocrystalsand 2), oxide/metal interface and defects introduced
appeared to proceed via the formation of a Pd sheltluring excess water removal. This explains the cracks
resulting in voids [18]. Since the reaction conditions observed at or near the metal/oxide interface by electron
discussed here differ significantly from these studiesmicroscopy (Figs 4 and 8) which cannot be formed in
(low temperature, large crystals as educt, electrochemthe course of the reduction. Moreover, the cracks were
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The copper ions migrate via vacancies to the ox-
ide/metal interface and are reduced to copper metg
(Equation 4). This requires that electronic conductiv-



not present before reaction thus serving as traps for thereparation temperature as well as a pore structure (den-
reaction front. sity) dependent on the educt and post-treatment (i.e.
The pellets or crystals show no measurable volumeavater content) was demonstrated to be appropriate us-
change whereas the shrinking of the macroscopic graingg simple electrochemical reduction of oxides or salts.
after drying is 15-30% (depending on the current denThus the relevant materials parameters, i.e. crystallite
sity and after drying, see above). Although sinteredsize and relative pore volume, can be controlled sepa-
pellets have a considerable part of macroscopic poresately. They were found to be spatially homogeneous
(Fig. 1) these pores are not needed to take into acand dependent rather on the materials properties than
count because they do not participate in the reactiornon the process parameters. Crystallite formation could
The nanocrystallites occupy about 70—85% of the grairbe separated from grain growth/ripening due to the low
volume (after drying). Since the space between therocessingtemperature thus conserving the as-prepared
lamellas is not considered yet the nanocrystals mustrystallite size. Consequently it appears possible to use
be arranged very densedfter drying(note that closed this approach as a most easy production strategy for

packed spheres occupy 74% of the total space). It imanocrystalline porous metals (Cu, Ag, Bi) without crit-
reasonable from the foregoing arguments to assumeiaal process parameters.

less dense packing after reductwithout drying
Avariable to control the packing density, i.e. the crys-

tallite/pore volume ratio, is the starting compound, in Acknowledgements
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active against oxidation than Cu reduced from CuO [4].
This was assigned both to a reduced particle size and to

a better accessibility of the particles due to an enhanceBReferences

porosity. 1.

If the origin of nanocrystal generation is assigned g

onlytothe lattice mismatch between oxide and metal re-

sulting in stress and fracture (oxygen diffusion model) 4

the size of the nanocrystals should depend also on the

mechanicaproperties of metal and/or oxide. The crys- 5.

tal separation (stress relaxation by fracture) at rather
high temperaturesl(> 0°C) proceeds, when a defined
strain €=0.3% according to Fig. 9) is accumulated

at the interface. The elasticity of the metal increasess.

with increasing temperature. Therefore the crystal size

which is necessary to reach the critical strain also in- -

creases. At low temperatures@C) the separation
of the particles seems to be hindered. More strain

is accumulated with decreasing temperature before a.
nanocrystal tears away, and the particles become largée.
again. 13.

As mentioned above not all factors which could influ-

ence both the process and the product were investigated
here. The crystal generation may be determined also bys.
the diffusionproperties, i.e. by kinetics. Although the 16.

latter are model-dependent (see above), in general the
crystal size should be dependent on the relevant diffu;,
sion coefficient and thus represent an intrinsic (temper-

ature dependent) material parameter. Another criticals.

parameter is thdefect structuref the oxide. We have

to assume that it can influence both the reaction process:

as well as the morphological properties of the product,,
including the texture.
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