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Abstract

Copper is suggested to be a suitable canister material for long-term disposal of spent nuclear fuel.
The function of the copper canisters is to isolate the radioactive waste from the surrounding ground
water. An important underlying principle for the corrosion resistance of copper is its thermodynamic
stability in oxygen free water. Numerous studies on copper corrosion in different environments have
been reported; however, the detailed mechanism of copper oxidation under anoxic conditions is still
not completely understood. Understanding the mechanism of copper corrosion in aqueous solutions
opens up the possibility to make better predictions of copper canister degradation in the spent fuel
repository.

In the current work we study cuprous hydroxide, which is a less known copper compound and can be
formed among others as a protective layer on the copper surface during copper corrosion processes.
Cuprous hydroxide in solid form can be produced as a yellow powder during the reduction of Cu*

to Cu'. Synthesis, structure, physical and chemical properties of this compound are presented in the
current report.
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1 Introduction

1.1 Swedish concept for the disposal of spent nuclear fuel

The KBS-3 concept for disposal of spent nuclear fuel is based on a multi-barrier isolation (SKB
2011), in which sealed copper canisters with a wall thickness of 5 cm, are planned to be used as
a barrier to prevent the release of radioactive components into the environment. The canisters
are planned to be embedded in bentonite clay and deposited in the granite bedrock at a depth of
500 meters, where the deficiency of oxygen and the slow supply of sulphides makes the corrosion
of copper very slow (King et al. 2010, 2013). Other factors that will influence the integrity of the
copper canisters are for example heat, irradiation, high pressure loads and microbial activity (King
et al. 2013).

1.2 Copper in oxygen-free water

According to basic thermodynamic data on the copper-oxygen-hydrogen system (Pourbaix 1963,
Beverskog and Puigdomenech 1997, Puigdomenech and Taxén 2000, Landolt 2007, pp 15-58)
copper is considered to be stable in pure oxygen-free water; but it reacts with atmospheric oxygen
and oxygen dissolved in water (Mattsson 1980). However, the issue of copper corrosion in oxygen-
free water was raised in several studies done by G. Hultquist and P. Szakalos (Hultquist 1986,
Hultquist et al. 1989, Hultquist et al. 1990, Szakalos et al. 2007). It was reported that copper corro-
sion occurs spontaneously in oxygen-free water and is accompanied by evolution of hydrogen gas.
To explain the observed hydrogen evolution Szakalos (Szakalos et al. 2007) suggested the existence
of a previously unknown phase of copper oxy-hydride CuH,O,, where x =y < 1. However, to verify
the stability of the copper oxy-hydroxide phase, proposed by Szakalos and Hultquist, quantum-
mechanical calculations were carried out (Korzhavyi and Johansson 2010). Several solid phases
of cuprous oxy-hydride (CuyH,0) and cupric hydride (CuH,) have been considered and found to
be thermodynamically unstable. At the same time, the calculations show that CutOH may be meta-
stable in solid form. In case it exists it may be poorly crystalline since its most stable form allows
for a high degree of intrinsic disorder similar to proton disorder in ice (Korzhavyi and Johansson
2010). Moreover, considering the enthalpy and free energy of cuprous hydroxide formation it was
concluded that even if it exists, CuOH cannot be a product of copper corrosion by pure water.

1.3 Copper compounds

Understanding the mechanism of redox reactions of copper with oxygen and hydrogen and their
products opens up the possibility to make better predictions of the degradation of copper canisters.

Since copper can be present in oxidation states ranging from 0 to +4, one can expect there to be

a large variety of copper compounds. Cu(Ill) and Cu(IV) are most commonly present in cuprates
(YBa,Cu;0,_x, KCuO, (Werfel et al. 1988)) and fluorides (Cs,CuF, (Nakajima et al. 2000,

pp 108-109)), respectively. Cu(Il) forms thermodynamically and kinetically stable compounds,
in particular with oxygen and hydrogen, as cupric oxide CuO (Franke and Neuschiitz 2005) and
cupric hydroxide Cu(OH), (Richardson 1997, Schonnenberger et al. 1971). Moreover, Cu(Il) is
often a product of copper corrosion in the form of oxides, hydroxides, carbonates and metal-ligand
complexes (Hong and Macauley 1998).

Cu,0 is well known and the most studied of the Cu(I) compounds with oxygen (Korzhavyi and
Johansson 2011 and references therein). Cu(I) oxide is a main corrosion product of copper in neutral
tap water (Feng et al. 1996a, b). It also forms as a result of copper oxidation at high temperatures
(from 350 °C to 1050 °C) in oxygen atmosphere (Mimura et al. 2006). Cu,O is a main component
in the mineral cuprite which has a red color.
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CuH is the oldest hydride known (Wurtz 1844). It was discovered by Wurtz and has wurtzite struc-
ture (Goedkoop and Andersen 1955). This compound is less studied due to its instability at ambient
conditions. Since the solubility of hydrogen in copper is low (less than 3 x 10™ atom ppm at ambi-
ent conditions (McLellan 1973, Nakahara and Okinaka 1988)), high hydrogen pressure is needed to
obtain copper hydride from metallic copper and keep it stable (Burtovyy and Tkacz 2004). However,
CuH can be relatively easily produced by several chemical routes, for example: the reaction of aque-
ous copper sulfate with hypophosphorous acid (Wurtz 1844, Fitzsimons et al. 1992, 1995); the reac-
tion of copper iodide with lithium aluminium hydride in pyridine solution (Wiberg and Henle 1952)
and other wet-chemistry routes (Golovanova et al. 1995, Whitesides et al. 1969, Warf and Feitknecht
1950, Auer and Kohlmann 2014).

Cuprous hydroxide in solid form is another, less known, copper (I) compound. Although this
compound was mentioned in the literature long ago (Fischer 1903, Gillet 1909, Miller 1909), no
systematic studies were done on it until 2012, when the stable configurations of solid CuOH were
established (Korzhavyi et al. 2012). Theoretical studies on the stability of solid bulk CuOH was done
by Korzhavyi et al. (Korzhavyi et al. 2011, 2012, Korzhavyi and Johansson 2010). It was found that
CuOH can be in a metastable form and its possible structures were revealed. The equilibrium crystal
structure of cuprous hydroxide was calculated considering that Cu” and H' cations tend to keep the
same coordination in CuOH as they have in the compounds Cu,O (cuprite) and H,O ice-VII, respec-
tively (Korzhavyi et al. 2012). Therefore one can expect that some properties of solid CuOH, referred
to as cuprice, may be quite similar to those of Cu,0, especially to its hydrated form Cu,O x H,O.

In the current report we review structural, physical and chemical properties of solid cuprous hydrox-
ide, its stability and also possible ways of synthesizing this compound. Since X-ray diffraction stud-
ies show a similarity between cuprous hydroxide and cuprite (Cu,0), we use industrially produced
Cu,O powder as a reference sample. The reference and studied samples undergo the same treatment
and analysis.
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2 Cuprous hydroxide

21 Synthesis methods described in the literature

Different routes to synthesize cuprous hydroxide have been described in the literature.

At the beginning of the 20™ century, D. Miller (Miller 1909) and H.W. Gillet (Gillet 1909) studied
the conditions for cuprous oxide and cuprous hydroxide particle formation. For this, a 10 % solution
of sodium chloride was electrolyzed between copper electrodes. It was found that at a temperature
T <60 °C a yellow precipitate of cuprous hydroxide forms, while at T > 60 °C cuprous oxide pre-
cipitates with the color varying from light orange to dark red.

Another route to get cuprous hydroxide was described by F. Fischer (Fischer 1903): Pulverization of a
copper anode tube either in a sodium sulphate solution or in diluted sulfuric acid, which has low con-
ductivity. Otherwise, in sulphuric acid of maximum conductivity, copper sulfate and metallic copper

powder were formed.

S.R. Benedict (Benedict 1907) found that precipitates of different color forms when alkaline
copper (II) solutions are reduced by sugars. The precipitates’ color can be green, yellow or red
depending on the sugar concentration.

The production of cuprous hydroxide as an intermediate product in the synthesis of Cu,O was
describe by P. J. Rowe (Rowe 1949). A CuOH yellow precipitate in the form of a thick slurry can
be obtained from a mixed solution of cupric ammonium carbonate, cuprous ammonium carbonate
and metallic copper in diluted sodium hydroxide solution. Cu,O can be further obtained by adding
a concentrated solution of sodium hydroxide to CuOH at elevated temperatures. During the evapo-
ration of water, the color of the precipitate changes from yellow to red, indicating the transition
CuOH—Cu,0.

A precipitate of Cu(I) hydroxide was reported to be obtained by mixing sodium hydroxide and a
solution containing cuprous chloride, sodium chloride and hydrochloric acid (Nevell and Singh
1986).

Cheng (Cheng 1955) suggested using ferrous ethylenediamine tetraacetate complex as a reducing
agent for synthesizing a yellow precipitate of cuprous hydroxide from a copper sulphate solution.

Although the authors of the publications mentioned in this chapter claimed that they had synthesized
cuprous hydroxide, no characterization of cuprous hydroxide was presented. The reason for this was
that most of the authors tried to find a synthesis route for Cu,O having a red color, whereas during
experiments the yellow precipitate was also obtained. The precipitate had other consistency and
color than “classical” cuprous oxide. Therefore, in the majority of works the yellow precipitate was
considered another substance which is a sub- or intermediate product of the Cu,O synthesis. Only
Nevell and Singh (1986) and Cheng (1955) claimed that they synthesized cuprous hydroxide on pur-
pose, however there was no proof that this compound was indeed obtained.

Due to the findings discussed above the yellow color of the precipitate was chosen as a check point
in the attempt to synthesize Cu(I) hydroxide in the current study. However, copper (I) chloride may
also have a yellow color. Therefore, in trial efforts we excluded the synthesis routes requiring rea-
gents containing chlorine. The synthesis method was adapted after Cheng (1955) and is described
in detail in Soroka et al. (2013a).
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2.2 CuOH yellow precipitate
2.21 Synthesis

The following synthesis procedure was chosen to produce the CuOH yellow precipitate. Three
solutions were sequentially mixed: (1) EDTA complex, mixed solution of EDTA, tartaric acid with
concentration of 100 g/l for both components. Sodium hydroxide, NaOH, is added to adjust complex
solution pH to about 12-13; (2) 0.4 M CuSO, - 5H,0 solution; and (3) 0.2 M FeSO, - 7H,0, solu-
tion, pH adjusted to 1 with H,SO,. The solutions are mixed at ambient conditions in the following
order (1)—(2)—(3) and their amounts are 4 ml-2 ml-2 ml. The yellow precipitate forms directly after
adding the iron sulfate solution. Then the mixture is filtered by using a 0.22 um cellulose filter. The
precipitate is a slurry and easily blocks the filter’s pores which impedes filtration. As a result, one
can get not more than 0.003 g muddy precipitate for each synthesis. In the majority of the synthesis
procedures the reactions occur at ambient temperatures of about 17-20 °C which were not precisely
controlled. The detailed description of synthesis procedure is given in Soroka et al. (2013a).

2.2.2 Color

The color of freshly made precipitate can vary from yellow to light-brown. One may get even orange
color by changing the order of the mixing solutions. The color difference may be both due to the dif-
ference in size of the synthesized particles and in composition. In Figure 2-1 we present the X-ray
diffraction patterns of yellow and orange precipitates. As seen in the figure, the XRD peaks from
orange precipitate have much higher intensity and smaller FWHM (full width at half maximum)

as compared to those from yellow precipitate. Moreover, the XRD pattern from yellow precipitate
contains low-angle peaks (at 20 about 12° and 25°) from periodic structure with large interatomic
distances. The possible layered structure of yellow precipitate was established in Li et al. (2015)
based on both XRD studies and ab initio calculations. The sizes of crystallites calculated from
Figure 2-1 using the Scherrer formula (Patterson 1939) are about 70 A and 470 A for yellow and
orange precipitates, respectively. Considering the XRD pattern we believe that the orange precipitate
may be cuprite, Cu,O, and may be the other material than the yellow precipitate. Also, calculations
of the electronic structure and optical properties of cuprous hydroxide show that CuOH has a wider
indirect bandgap of 2.73 eV compared to the Cu,O bandgap of 2.17 eV (Li et al. 2014). Thus, the
reflected light from CuOH may have a shorter wavelength (yellow color) as compared to that from
Cu,0 (red color). Therefore, we consider only the precipitate with a yellow color in our study, while
Cu,0 industrially produced powder is used as a reference.
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Figure 2-1. X-ray diffraction pattern of yellow and orange precipitate. The crystalline sizes are about 70 A
for yellow and 470 A for orange precipitates.
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2.2.3 Solutions temperatures

To verify if the temperature of the solutions has any influence on the quality of the yellow precipitate,
we synthesized it at controlled temperatures, from 5 °C to 45 °C with a step of 5 degrees. No visible
changes in color were observed. The X-ray diffraction patterns of the yellow precipitate made at dif-
ferent temperatures are presented in Figure 2-2. The inter-plane distances, d, and crystalline sizes, L,
are presented in Table 2-1. As seen in the figure and in the table, there are no significant structural
changes for the samples synthesized at different temperatures. However, the crystalline sizes of the
particles calculated using the Scherrer formula increase slightly with temperature, from about 85 A to
105 A, see Figure 2-3.

Table 2-1. The X-ray data recorded from yellow powder precipitate synthesized at different
temperatures.

T 20(111) d(111) FWHM(111) L(111) 29(200), d(200) FWHM(ZW) L(ZOO) <L>
[’C1  Cu0[] [A] 1 [A] Cu0[7] [A] [l [A] [A]

5 36.515 2.459 1.052 79.5 42.441 2.128 0.925 92.2 85.8
10 36.503 2.460 0.923 90.7 42.424 2.129 0.886 96.2 93.5
15 36.531 2.458 0.871 96.1 42.463 2.127 0.859 99.2 97.6
22 36.529 2.458 0.885 94.6 42.455 2.128 0.874 97.5 96.0
30 36.441 2.464 0.865 96.7 42.366 2.132 0.793 1074 1021
35 36.416 2.465 0.902 92.7 42.334 2.133 0.882 96.6 94.6
40 36.494 2.460 0.834 100.3 42.423 2.129 0.791 107.7 1040
45 36.499 2.460 0.826 101.2 42.529 2.129 0.788 108.2 104.7

T is the temperature of mixed solutions, synthesis temperature.

L1y and Lo0) @re the sizes of crystallites in (111) and (200) planes, respectively.
(L) is the average crystallites’ size.

2611yand 26,00 are Bragg angles for the corresponding crystallographic planes.
d11y @and dpo0) are interatomic distances for (111) and (200) planes, respectively.

2.4x104
2.0x104

1.6x104 |

1.2x104]
8.0x1037 15°C, 22 °C
M OC’ -

4.0x103 A_,\_ 5°C
_ 2\ 10°C
~35°C
30°C
30 40 50 60 70 80 90
2theta, degrees

ity, counts

Intens

Figure 2-2. X-ray diffraction pattern of yellow powder synthesized at different temperatures. The labels on
the graph correspond to the temperature of mixed solutions.
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Figure 2-3. The average crystalline sizes, (L) of the yellow powder particles synthesized at different tem-
peratures. The sizes are calculated using the Scherrer formula from XRD pattern presented in Figure 2-2.

2.2.4 Composition

The composition of the yellow precipitate was studied using XPS. This is a surface analysis method.
Since the penetration depth of XPS is about 60 A, one may control the bulk composition of small par-
ticles. The precipitate was synthesized in KTH, then packed and sent to Prof. A. Shchukarev, Umeé
University for XPS. The time interval between synthesis and XPS measurements was less than 24 hours.
XPS studies show that the investigated samples consisted mostly of Cu*", Cu’, oxygen and carbon (see
Table 2-2). No other elements like Fe, S, Na, N, which were present in initial solutions, have been
detected. Note that it is not possible to detect hydrogen with XPS. A detailed description of XPS results
shown in Table 2-2 is given in Soroka et al. (2013a). There are carboxyl groups and carbonate which
can be formed on the surface during synthesis and transportation since everything was done at ambient
atmosphere. Excluding oxygen bound to carbon and considering the remaining oxygen (Cu(I):O ratio
was 1:2) and oxygen states, we conclude that the composition of the studied powder corresponds to
CuOH x H,0. This composition was further confirmed by comparing FTIR spectra of the yellow pre-
cipitate to the phonon density of states calculated for different Cu-O-H structures (Soroka et al. 2013a).

Table 2-2. XPS results of a CuOH yellow precipitate measured under different conditions.

LN RT RT-3days-air

BE [eV] |At. % BE [eV] |At. % BE [eV] |At.% |Chemical binding, compounds

C1s 285.0 8.78 |285.0 10.55 |285.0 7.94 |C-(CH)
286.6 5.83 |286.4 298 |286.3 3.17 |C-OH
288.3 1.43 |288.8 1.55 |288.1 1.21 |COCH
289.4 0.4 290.1 1.05 |289.7 5.25 | Carbonate
O1s 530.2 8.31 |530.5 20.31 | 530.4 4.17 | Cu(l)-OH, Cu(Il)-O

531.4 34.81 |531.8 26.62 |532.0 55.03 | Organics, carbonates, Cu(ll)-OH
532.5 21.28 |532.9 6.65 |533.6 2.77 | H,0O crystalline

533.6 5.25 H,O
Cu 2p3/2 932.2 5.4 932.7 22.03 |932.8 1.71 | Cu(l)
934.8 7.86 935.3 18.75 | Cu(ll)

At. %, atomic percentage.

BE is binding energy, eV.

LN, the measurement is done at a low temperature (T = =155 °C).

RT, the measurement is done on the same sample without cooling down in vacuum.

RT-3days-air, the measurements are done at room temperature on the same sample but after it was exposed to air for
3 days.
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2.2.5 Morphology

Morphology of yellow powder precipitate was studied by SEM and TEM. The powder consists
of agglomerated particles (see Figure 2-4). Some of these small particles, with a size of about
10-30 nm can be seen in the TEM image in Figure 2-5.

The study of the samples’ morphology was also done by means of low-temperature SEM. In
Figure 2-6, images taken from the same sample at different temperatures are presented. The sample
was first vitrified, by very rapid cooling in liquid nitrogen at —160 °C, and then transferred to the
chamber. Then image (a) was taken at —153 °C. The crystals shown in Figure 2-6 (a) consist of
frozen water since a significant amount of free water is present in the freshly made CuOH powder.
The spherical crystals seen in the figure are frozen water droplets. Thus, at temperatures close to
liquid nitrogen only water can be clearly observed in the freshly made sample. Therefore, the sample
was heated up to —90 °C and kept at this temperature for 2 min in order to sublimate water. It was
cooled down to —160 °C again; however, mostly water droplets covering both the SEM stub and
the studied sample have been observed, Figure 2-6 (b). The image shown in Figure 2-6 (c) has been
taken after sublimation at —50 °C for 4 min and then cooling down again to —160 °C. Precipitate in
the forms of agglomerates with sizes of several micrometers can be clearly seen.

Figure 2-5. TEM image of the yellow precipitate. Separate particles with sizes 10-30 nm are seen.
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Figure 2-6. SEM images of the yellow precipitate, taken at —160 °C: (a) as cooled, (b) after 2 minutes of
water sublimation at —90 °C, (c) after 4 minutes of water sublimation at —50 °C, (d—f) after keeping the
sample in vacuum chamber for several hours without cooling.

The images shown in Figure 2-6 (d—f) were taken at different magnifications after the sample was
washed in acetone, dried and then kept in the vacuum chamber for several hours to remove free
water. As seen in Figure 2-6 (f) the precipitate consist of particles agglomerated in a network.

2.2.6 Stability of CUOH precipitate at room and elevated temperatures
A. At ambient atmosphere

The precipitate obtained by the above described method originally has a yellow color that is gradu-
ally changing (within tens of hours) towards dark-yellow-brown and in some samples it may become
greenish after a couple of days, see Figure 2-7. We performed XRD studies of the aged samples to
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verify structural changes if any. Typical XRD patterns of a freshly made sample and of the same
sample after different treatments are presented in Figure 2-8. XRD patterns shown in the figure are
recorded from a freshly made sample (a) and then from the aged same sample after keeping it in air
at room temperature for 3 days (b). The next pattern (c) was taken from the same sample after its
treatment in a vacuum oven at 150 °C. Note that the (a), (b) and (c) curves are quite similar, and their
peaks positions correspond to those in cuprite, Cu,O (Restori and Schwarzenbach 1986). Thus, the
XRD pattern of aged samples remains the same as the freshly prepared one although the color of the
samples changes. This may indicate that the surface layers of monovalent copper can be oxidized
further to divalent copper, while inner layers remain unchanged. Most probably the surface Cu(II)
oxide or hydroxide layers are poorly crystalline or amorphous since they are not seen in the XRD
pattern.

The precipitate remains yellow after treatment in vacuum at 150 °C. However, the sample’s color
changed to black when the powder was treated at T = 300 °C at ambient atmosphere during 1 hour.
XRD measurements done on this sample also reflect structural changes. Diffractive peaks which
belong to tenorite, CuO (Brese et al. 1990), are observed in Figure 2-8 (d). At the same time, no
structural and compositional changes were observed in industrially produced Cu,O powder that
was heat-treated in the same way.

Cu, O CuH CuOH

Figure 2-7. Powders of Cu(l) compounds with oxygen and hydrogen. Cu,0 is industrially produced, CuH
and CuOH are synthesized in the nuclear chemistry lab at KTH.

(d)

(c)
(b)
)

Intensity, arb. units

30 40 50 60 70 80
2theta, degrees

Figure 2-8. XRD patterns recorded from the yellow precipitate synthesized at 10 °C (a) freshly made,

(b) after 3 days in air at room temperature, (c) after heat treatment in vacuum oven at 150 °C for 19 hours,

(d) after further heat treatment at 300 °C at ambient atmosphere. Reflections which correspond to CuO and
Cu,0 are labelled as “x” and “0”, respectively.
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B. In Ar atmosphere

The structural changes which occur in CuOH yellow powder upon changing the temperature were
studied also at the synchrotron facility DESY, HASYLAB, line BWS5 in Hamburg. The applied wave-
length was A = 0.123984 A. The X-ray diffraction pattern of the CuOH yellow powder was recorded
at different temperatures. The sample was placed into a glass capilary tube of 1.2 mm in diameter.
First the glass tube containing the powder was cooled down to the temperature of liquid nitrogen,
then it was heated up to about 320 °C. The heating rate was 2 K/min while the scans were taken every
30 seconds. The sample was kept in Ar atmosphere. Note that the background pattern from the glass
capillary does not give a noticeable contribution. The industrially produced Cu,O powder sample

(99 % purity), used as a reference, underwent the same procedure as the studied sample.

The results are presented in Figures 2-9, 2-10 and 2-11.

CuOH (yellow powder)

] s =& Ay
n & S = oo
AN i cai = Lu
i | " 'ce/ _ T=-2170 °C
- ice ’;\A//
£ A \ugx R
3 ‘ /" K/\_—_"/ /\ ___ B4°
5 \ ?@f&zﬁ& —
z | np”%?\ﬁ\& — 8
= , - —4°C
2 | ! App\\_/f\?’\ —23°C
E h | } ’\\\_\__//\\\//\
T N———
4 . ;: AN

15 20 25 30 35 40
2theta, degrees

Figure 2-9. XRD pattern from the yellow powder measured at different temperature. The temperatures are
labeled on the graph. A = 0.123984 A. Red dotted line is a XRD pattern from the Cu,O reference sample,
Miller indices are defined for Cu,O from Restori and Schwarzenbach (1986).

CuOH (yellow powder)
H 1 H :

Intensity (arb.units)

T T
22 23 24 25 26 27 28 29 30 31
2theta, degrees

Figure 2-10. The enlargement from Figure 2-10. The red dotted line indicates the (110) and (111) peaks of Cu,O. The
blue lines correspond to XRD patterns when phase transition starts. The red dotted line is XRD pattern from Cu,0.
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Figure 2-11. The X-ray diffraction patterns recorded for CuOH yellow powder at near-phase-transition
temperatures: (A) At temperatures from about 110 °C to 140 °C and (B) from 143 °C to 270 °C. The
temperatures are labeled in the graph.

As seen in Figures 2-9 and 2-10 the diffraction peaks from ice are present in the XRD patterns from
the yellow powder recorded at temperatures below 0 °C. At the same time no diffraction peaks from
ice/water were found in the reference sample, see Figure 2-9, red curve. The number of peaks and
peak positions of reference Cu,O and yellow precipitate are very close to each other at temperatures
below 140 °C (see Figure 2-11). Also, the yellow precipitate shows very poor crystallinity since its
diffraction peaks are very broad as compared to the XRD peaks recorded for Cu,O.

As is also seen in Figure 2-9 to Figure 2-11, the positions of the peaks from CuOH shift towards
the lower angles (larger interatomic distances) with increasing temperature. Also, the intensity of
the peak that corresponds to the (200) Cu,O plane starts to decrease with temperature increase and
this peak disappears at T = 220 °C, while other peaks at 20 of about 27°, 38° and 45° appear in the
studied sample. This indicates that a phase transformation occurs in the yellow powder. According
to the X-ray measurements, this transformation started at about 140—150 °C (see Figure 2-11 B) and
goes continuously up to 320 °C (the heating was stopped at this temperature). Then the sample was
cooled down in Ar atmosphere and an XRD pattern was recorded at room temperature; this pattern is
labeled as “RTafterHeat” in Figures 2-9 and 2-10. Interestingly, the patterns recorded at the highest
temperature point, 320 °C, and “RTafterHeat” match each other. This indicates that the sample was
quenched and that an irreversible phase transformation occurs in the CuOH yellow powder sample
under the heating. The sample changed its colour from yellow to black and the total volume of the
sample decreased noticeably, 30—40 %.

No changes were observed in the Cu,O reference sample that underwent the same treatment as the
CuOH yellow precipitate, see Figure 2-12.
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Figure 2-12. X-ray diffraction patterns recorded for industrially produced Cu,O powder (purity 99 %)
at different temperatures. The temperatures are labeled on the graph: LN — is the temperature of liquid
nitrogen (about —170 °C); RT — is room temperature.

C. In nitrogen atmosphere

Here we present a detailed study of the variation in composition of the yellow powder precipitate

upon heat treatment carried out in nitrogen atmosphere and in air. The XRD patterns were recorded
with a PANalytical X Pert PRO diffraction system using Bragg—Brentano geometry in the 26 range
20-100° and CuKo irradiation (A = 1.54 A) from the sample before and after heating up to 400 °C in
nitrogen atmosphere. The results are presented in Figure 2-13. The sample, for which XRD pattern is
shown in the figure, was packed into an Al capsule (this is done to measure DSC scans) and heated up.
Thereafter the XRD scan was taken after cooling down the sample. Interestinly, the XRD pattern of the
sample after heat treatments consists mostly of reflections which belong to Cu,O and Cu. This indicates
that in the condition of oxygen deficiency the yellow powder partially reduces to Cu and partially either
remains unchanged or turns to Cu,O. The transformation to Cu,O is most probable, since accord-

ing to DSC measurements, under heating the sample undergoes irreversible transitions while losing
crystalline water at about 140 °C (Soroka et al. 2013a). Note also that XRD peaks from Cu are not
present in the as-prepared sample. Positions and related intensities of the peaks are listed in Table 2-3.

' CuOH, yellow powder I '

after heating
to 400 °Cin N2

as-prepared

| aJ II'. .'H i A I 1
il gl Vil kww Wbt \and kmww.w/' AT LRI RTT N

Intensity, counts

n i i i i i

30 40 50 60 70 80 90 100
2theta, degrees

Figure 2-13. X-ray powder diffraction patterns taken from as-prepared CuOH sample (black line) and
after heating the same sample to 400 °C in nitrogen atmosphere (red line).
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Using XRD peak positions, the Cu,O and Cu fec phases were identified. There are also several peaks
marked with “?” in the table. These peaks are not related to any known copper (I) or (II) phase and
may belong, for example, to the reflections from a periodic layered structure, like peaks at 26 =~ 28°
and 56°. However, further studies are needed to verify this.

Table 2-3. CuOH (yellow powder) before and after heating to 400 °C in nitrogen atmosphere.

As-prepared After heating

20 [°] FWHM [] | d[A] |1[%] 20 [°] FWHM [] |d[A] |[1[%] Peak ID

28.42 |0.10 3.14 |100 28.18 |0.17 3.17 16.27 |?

31.27 10.13 2.86 20.86 | 31.31 0.34 2.86 754 |?

36.31 |0.67 247 52.46 |36.33 |0.34 2.47 53.47 |Cu,0(111) d=246A

4290 |1.34 21 11.21 |42.25 |0.54 214 17.99 |Cu,0(200) d=2.13A
43.21 0.18 2.09 100 Cu(111) d=2.08A

4713 |0.40 1.93 7.87 |47.06 |0.27 1.93 7.06 |?
50.36 |0.34 1.81 36.32 | Cu(200) d=1.80A

55.89 |0.34 1.65 11.17 |55.92 |0.40 1.64 457 |?

61.70 |2.68 1.50 6.48 |61.39 |0.40 1.51 13.62 |Cu,0(220) d=1.51A

73.76 | 1.61 1.29 2.20|74.02 |0.40 1.28 22.37 | Cu(220) d=1.27A

Cu,0(311) d=1.29A

89.84 |0.34 1.09 16.83 |Cu(311) d=1.09A
9498 |0.34 1.05 6.48 | Cu(222) d=1.04A

20 — XRD peak positions.

FWHM — full width at half maximum of XRD peaks.
d — interatomic distances.

| — relative intensity of the peaks.

Peak ID — corresponding phase, Miller indices and interatomic distances. The crystalline phases were identified using
Restori and Schwarzenbach (1986) for Cu,O and Hanawalt et al. (1938) for Cu. The origin of the XRD peaks labelled
with “?” is not identified.

The CuOH yellow powder sample heated in air shows quite a different behavior, as seen in
Figure 2-14. The phases formed after the heat treatment in the presence of oxygen are most cupric
oxide, the hydrated form of cupric oxide and some cuprous oxide, see Table 2-4. Oxygen excess
leads to further oxidation of Cu(I) to Cu(Il).

[ T T CuOH, yellow powder i T T

after heating
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Figure 2-14. X-ray powder diffraction pattern taken from as-prepared CuOH sample (black line) and from
the same samples after heat treatment at 800 °C in air (ved line).
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Table 2-4. CuOH (yellow powder) before and after heating to 800 °C in air.

As-prepared After heating
20 [°] FWHM [°] |d[A] 1 [%] 20 [°] FWHM [] |d [A] 1[%] Peak ID
29.52 1.07 3.03 11.5 29.80 |0.09 3.00 6.33 | Cu,0(110) d=3.02A
32.50 |0.20 2.76 12.8 CuO x 3H,0(014) d=277A
35.56 |0.13 2.53 85.5 CuO(111) d=251A
CuO x 3H,0(114) d=255A
36.61 0.80 2.46 100 36.23 |0.20 2.48 22.9 Cu,0(111) d=246 A
38.69 |0.15 2.33 100 CuO(111) d=231A
CuO x 3H,0(015) d=2.34A
42.58 1.07 212 29.6 42.15 |0.09 214 8.4 Cu,0(200) d=2.134A
43.12 |0.34 210 15.1 Cu(111) d=208A
4433 |0.47 2.04 9.7 CuO x 3H,0(222) d=2.03A
46.28 |0.09 1.96 2.7 |CuOx3H,0(124) d=1.98A
48.78 |0.23 1.87 34.4 Cu0(202) d=185A
53.55 |0.34 1.71 14.7 Cu0O(020) d=1.70A
CuO x 3H,0(412) d=1.68A
58.13 |0.13 1.59 16.9 Cu0O(202) d=1.57A
CuO x 3H,0(324) d=159A
61.91 1.20 1.50 17.3 61.57 |0.23 1.51 242 Cu,0(220) d=151A
CuO x3H,0(316) d=1.51A
65.87 |0.29 1.42 18.5 Cu,0(221) d=142A
66.22 |0.27 1.41 20.7 Cu0(022) d=141A
68.09 |0.27 1.38 20.6 Cu0(220) d=1.37A
CuO x 3H,0(331) d=1.39A
72.31 |0.33 1.31 15.8 CuO(311) d=1.30A
74.19 1.61 1.28 9.4 Cu,0(311) d=129A
75.20 |0.82 1.26 255 CuO(004) d=1.26A
89.92 |0.65 1.09 14.3 CuO(131) d=1.09 A
99.43 |0.49 1.01 9.8 Cu0O(024) d=1.01A
103.6 |0.65 0.98 9.4 CuO(115) d=098A

26 — XRD peak positions.

FWHM - full width at half maximum of XRD peaks.
d — interatomic distances.

| — relative intensity of the peaks.

Peak ID — corresponding phase, Miller indices and interatomic distances. The crystalline phases were identified using
Sen Gupta et al. (1982) for CuO x 3H,0 and Brese et al. (1990) for CuO.

2.3 Synthesis of Cu-O-D

Since X-ray diffraction cannot provide information about hydrogen positions in the CuOH unit cell,
we made an attempt to synthesize a sample for neutron diffraction studies. To verify the positions
of hydrogen atoms with neutron diffraction one needs to suppress the natural hydrogen background
level by increasing the signal from the sample. This can be done by replacing hydrogen atoms in the
structure with deuterium atoms. In general the reaction of metals with deuterium is very similar to
that of the same metal with hydrogen; minor differences can occur in density and lattice parameters
(Mueller et al. 1968, pp 7-8).

Cu-0O-D has been synthesized using similar recipes as for the CuOH yellow precipitate synthesis.
Deuterated water, D,0 of 99 % purity was used instead of milli-Q water to prepare solutions. We
expect that OH groups will be replaced by OD groups in the studied compound. Then deuterated
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solutions were mixed in the following sequence: 4 ml EDTA solutions (pH = 13), 2 ml CuSO;, solu-
tions (pH = 4), 2 ml NaOH (dissolved in deuterated water), 2 ml FeSO, solutions (pH = 1). Sodium
hydroxide was added to the mixture of EDTA and copper sulfate solution to increase its pH to about
13. The color of the precipitate was also become yellow. The deuterated particles were formed
immediately after addition of Fe sulfate solution as in the case of the CuOH synthesis.

The X-ray diffraction pattern of Cu-O-D yellow precipitate is shown in Figure 2-15. As seen in the
figure, the crystallinity of the precipitate is rather poor. The only well-defined peak can be seen on
the XRD pattern. The position of this peak corresponds to a reflection from (111) planes in Cu,0O.
However, it is shifted towards higher 20 angles (smaller interatomic distances) as compared to
that in CuOH. Thus, the interatomic distances in the synthesized Cu-O-D yellow powder may be
smaller than in corresponding Cu-O-H compound. At the same time the unit cell parameters for
CuH (a =2.90 A and ¢ = 4.62 A) are slightly smaller than for CuD (¢ =2.93 A and c = 4.68 A)
(Mikheeva 1960), indicating that the distances Cu-D is larger than in Cu-H. Careful structural
studies are needed to understand the structural differences between Cu-O-D and Cu-O-H.

The deuterated cuprous hydroxide powder consists of clusters as seen in Figure 2-16 (a—c). The
cluster sizes vary from about 30 to 200 nm. Moreover, very small white particles, with the size of
several nm, are seen on the clusters’ surfaces, Figure 2-16 (c). The morphology of Cu-O-D is quite
similar to CuOH, see Figure 2-16 (d). However, the size of contrasting (white) particles is larger in
CuOH. This is, in principle supported by the presence of a wide diffraction peak at 20 = 36.6° with
FWHM = 1.9°, which corresponds to a crystallites sizes of about 5 nm, on the XRD pattern shown
in Figure 2-15.

The deuterated samples were expected to be used for neutron diffraction studies of CuOH structure
even if the sample has very poor crystallinity. We have done several attempts to measure neutron dif-
fraction in neutron facilities at Los Alamos National Laboratory, USA, however we did not succeed
due to technical problems with the neutron source.
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Figure 2-15. X-ray powder diffraction pattern recorded from the Cu-O-D yellow precipitate synthesized
using deuterated water as a solvent.
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Figure 2-16. SEM images of deteriorated Cu hydroxide powder taken at different magnifications (a—c), and
CuOH yellow powder (d).

24 CuOH on the surface of pure Cu

In our previous studies (Soroka et al. 2013a, b), it was also shown that cuprous hydroxide layers
may be grown on the oxygen-free surface of metallic copper. The challenge was to get oxygen-free
copper surfaces since the industrially produced metallic copper always contains some oxide layers or
particles on the surface. A pure metallic copper surface can be obtained by removing the oxide layer
in well-controlled oxygen-free atmosphere as shown in Boman et al. (2014). This procedure is rather
complicated and costly. Also, during the analysis procedure oxygen-free samples should always

be kept in protective atmosphere since the oxygen-containing layer forms immediately as cleaned
copper comes in contact with air (Hosseinpour et al. 2011).

241 CuH

One of the possibilities to produce pure copper is to decompose copper hydride to Cu and H,.
Copper hydride can be obtained as a powder precipitate after mixing copper sulfate and hypophos-
phoric acid at solution temperatures from 40 °C to at least 75 °C. The details of the synthesis are
given in Soroka et al. (2013b) and references therein. It is shown that the freshly made precipitate
consists of copper and copper hydride particles. Moreover, the freshly made precipitate can contain
water but not oxidized copper. During exposure of copper hydride to air the water exhales from
the sample, copper hydride decomposes to form metallic copper and subsequently, copper starts
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to oxidize. Thus, developing hydrogen may protect copper from oxidation for a while, hence giving
us the opportunity to obtain pure copper and to investigate the non-oxidized copper surface at ambi-
ent conditions (Soroka et al. 2013Db).

CuH is an unstable compound and it decomposes immediately in vacuum or under heating, slowly
(within several hours) at ambient conditions, even more slowly (within at least tens of hours) in
water at room temperature. It is stable at temperatures below 0 °C. We believe that water plays an
important role in the stability of CuH; it may somehow form a protective layer to prevent hydrogen
evolution. The chemistry of this process is though not well understood.

2.4.2 CuH in water

As mentioned above, although CuH decomposes at ambient atmosphere, it can be rather stable when
immersed in water. This is illustrated in Figure 2-17. X-ray diffraction patterns for the CuH-Cu
powder precipitate treated in different ways are shown in the figure. The CuH-Cu powder was syn-
thesized at 65 °C and then divided into two parts. One part was filtered and kept in air. The X-ray
diffraction patterns in the upper graph (Figure 2-17) were recorded on a fresh sample and after 23
hours of exposure to air. As seen in the figure, the freshly made powder consists of two phases,

Cu and CuH. These phases were identified by SEM measurements which revealed two types of
particles: large facetted particles, Cu, and intersecting hexagonal plates, CuH (desert-rose-shaped
particles), see Figure 2-18. A detailed description of the morphology of CuH is given in Soroka

et al. (2013b). As also seen in Figure 2-17 (upper graph, red curve), copper hydride stored in air
decomposes completely after 23 hours with the formation of copper nanoparticles (since XRD peaks
from CuH disappear while the X-ray diffraction peaks which belong to copper, at 20 ~ 43° and 50°,
exhibit significant broadening). Another part of the sample was stored in water for 24 hours. Then
the sample was filtered and X-ray diffractograms were taken in air at different time intervals. As
seen in Figure 2-17 (lower graph), the sample just removed from water exhibits 3 types of peaks
which belong to CuH, Cu,0 and Cu, while after 19 hours of subsequent exposure to air, the peaks
from Cu disappear while the intensities of peaks from Cu,O increase significantly. Interestingly, the
broadening of Cu peaks (at around 43°) is not observed in the sample stored in water.

CuH-Cu powder

Stored in air as-prepared
104 3 after 23 hours in air
1 X
1)
2
5
o 103 4
)
é T T T T T T T T T T T T
@ Stored in water for 24 hours just removed from
9 the water
£ 41 o
10 after 19 hours in air
103 v T T T T T T T T T T

. ; . ; .
32 36 40 44 48 52 56 60 64
2theta, degrees

Figure 2-17. X-ray powder diffraction patterns of CuH-Cu powder synthesized at 65 °C. The sample

was divided in two parts. One part was stored in air and XRD pattern (upper graph) was recorded for
as-prepared sample (black line) and after 23 hours of exposure to air. The second part was stored in water
for 24 hours and XRD patterns (lower graph) were recorded in air for the sample just removed from water
(black line) and after 19 hours of exposure to air (ved line). Diffraction peaks from copper hydride (crosses)
and Cu,0 (circles) are labelled. The unlabeled peaks at around 43° and 50° belong to metallic copper.
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Figure 2-18. SEM images of Cu-CuH powder (a) after exposure to air; (b) after exposure to water. The
exposure time is about one week in both cases.

SEM images of copper hydride powder exposed to air and to water are shown in Figure 2-18 (a)
and (b) respectively. As seen in figure (a), there are small particles on the “rose petals” which have
an irregular shape and look like water droplets. Most probably these droplets are almost-amorphous
copper oxide particles which form on the copper surface in contact with air. After exposure to
water, the “rose” particles become porous and many crystalline (probably Cu,O) particles form, see
Figure 2-18 (b) and Figure 2-17 (lower graph, red curve).

Considering the results from X-ray and SEM studies we can suggest the following mechanism
of copper hydride decomposition in air and in water: copper hydride, stored in air undergoes
a CuH — Cu — Cu,0 transition. The resulting oxide has very poor crystallinity and probably
forms thin layers or small particles on the surface of copper particles.
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CuH powder stored in water does not form copper particles since no broadening of XRD peaks from
copper due to nanoparticle formation was observed in this sample. When the sample is removed
from the water, CuH starts decomposing while Cu,O forms (see Figure 2-17). Thus a transition
CuH — ?? — Cu,0 happens and the resulting oxide has much better crystallinity than the oxide
formed in the sample stored in air.

To describe the transition mentioned above an intermediate compound is required. Most probably the
intermediate compound forms in water on the surface of CuH and it protects the copper(l) hydride
from quick decomposition. This intermediate phase may be, for example, a hydrated form of cuprous
oxide, CuOH x H,0, which can transform to Cu,O by losing crystalline water. Thus, a possible
phase transformation on the interface between copper hydride and water may be described by the
following reaction sequence (Soroka et al. 2013b):

2CuH + 2H,0 + (0,),, »— 2(CuOH x H,0) — Cu,0 + 3H,0

Fast-freezing XPS studies were done on CuH powder stored in water, where two Cu(I) phases were
detected. From the amount of oxygen bounded to copper we concluded that the composition of the
studied powder corresponds to CuH and CuOH x H,0, see Soroka et al. (2013a).
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3 Physical properties of CuOH yellow powder

3.1 Magnetization measurements

Magnetization measurements of the CuOH yellow powder were done using a Quantum Design
MPMSXL SQUID magnetometer. Magnetization curves recorded at room temperature for the refer-
ence Cu,0 sample and CuOH yellow powder sample are shown in Figure 3-1. As seen in the figure,
the magnetization curve from industrially produced Cu,O powder has a negative slope, indicating
that Cu,O has a diamagnetic response. The CuOH yellow powder has on the other hand a positive
slope, which indicates a paramagnetic or a superparamagnetic response. The difference in magneti-
zation values is two orders of magnitude, since the paramagnetic effect in materials is much stronger
than the diamagnetic one.

Note that paramagnetism is characteristic for divalent copper while monovalent copper is diamag-
netic (Madelung et al. 1998). Although one would expect CuOH yellow powder to be diamagnetic,
this is not the case. At the same time, the diamagnetic Cu,O reference powder used for magnetization
measurements contains a detectable amount of CuO as detected by XRD measurements (not shown
here). Usually, Cu,O powder oxidizes on the surface to form CuO as soon as it is exposed to air. The
amount of formed divalent copper oxide is small and the existence of this oxide on the surface of
Cu,0 should not affect the magnetization measurements much. The CuOH yellow powder may also
contain divalent copper in a form of oxide or hydroxide, as follows from the XPS measurements, see
Table 2-2. This can be partially due to oxidation. However, in order to change the magnetic response
qualitatively, divalent copper needs ions to be built into the hydroxide unit cell. Since paramagnetic
response is much stronger than diamagnetic response (in our case it is roughly 100 times stronger)
we suppose that a small amount of Cu(Il) ions (maybe 1 % relative to Cu(l) ions) is a part of the
yellow powder structure.
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Figure 3-1. Magnetization curves recorded from industrially produced Cu,O powder, M_ref, and CuOH
yellow powder, M_A, at T = 300 K. The signal from diamagnetic Cu,0 is very weak and therefore some
background noise from the instrument is monitored. Courtesy P. Svedlindh.
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3.2 NMR

In connection to this we tried to measure the Cu NMR signal from freshly made CuOH yellow
precipitate. There were no NMR signals registered from the yellow powder, although the signal from
another Cu(I) compound, such as CuCl, was obtained. This may happen due to quadrupole broaden-
ing of ®Cu NMR line because Cu is bonded to 2 oxygen atoms in CuOH and this bond has large
electrical field gradient. At the same time this compound may contain Cu* ions inside the CuOH
unit cell (this may explain paramagnetism of CuOH described in 3.1). These Cu*" ions which have
unpaired electrons, even in small amounts (a few percent) may quench the signal from diamagnetic
Cu(I). There are many examples of the existence of compounds of mixed valence as a single phase,
for example magnetite, Fe*'Fe’*,0, (Sawatzky et al. 1969). Thus, the existence of Cu* ions in the
unit cell should be considered and positions of divalent copper need to be verified in future theoreti-
cal and experimental studies of cuprous hydroxide.
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Conclusions

Cuprous hydroxide is a lesser known copper compound, which may be either an intermediate
product in Cu,O synthesis or part of the thin protective film formed on the surface of copper
immersed into water.

The CuOH yellow powder precipitate may be obtained using a synthesis scheme in which Fe*
ions are used to reduce Cu*" ions in solution.

The XRD pattern of freshly made yellow precipitate points to a similarity in structure between
the studied sample and cuprite Cu,0O, the reference powder.

X-ray powder diffraction studies of freshly-made CuOH yellow powder and of the same sample
stored for 3 days at ambient conditions do not show any difference in structure of fresh and aged
samples. At the same time the color of the powder changes from yellow to dark brown, and
sometimes greenish with the time of sample exposure to air, probably due to formation of amor-
phous Cu(Il) compounds on the surface.

The composition of the precipitate was found to be CuOH x H,O based on XPS, FTIR, DSC
studies and ab initio calculations.

At elevated temperatures the yellow precipitate decomposes either into Cu,O and Cu (in protec-
tive atmosphere, N,, at T = 400 °C) or into CuO and CuO X 3H,O (at T > 160 °C in air). The
industrially produced Cu,O powder remains stable after treatment under the same conditions.

The CuOH yellow powder exhibits paramagnetic behavior that indicates that the compound may
contain a small amount of Cu** ions inside the Cu" unit cell.
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