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A cobalt oxyhydrate superconductor with very low content of sodium and relatively high content of
hydronium was synthesized through a disproportionation route in hydrochloric acid. The disproportionation
reaction was accompanied by ion exchange betweenhaxa HO*. By using the N& ion-selective
electrode (ISE) method, energy-dispersive X-ray (EDX) spectroscopy, and thermogravimetric analysis,
the composition of the superconductor was determined ag{NaO)o, 2C00,-wH,0. Magnetic susceptibil-
ity measurement indicated the bulk superconductivity below 4.1 K. The new synthetic method is expected
to be employed in fabricating the superconducting cobalt oxyhydrate crystals.

Introduction mental results often appear in the literature. Therefore, it is
, , , meaningful to pursue an optimal synthetic method for this
The recent discovehyof the first cobalt oxide supercon- intriguing material.
ductor NaCoO, yH-0 (x~ 0.33,y ~ 1.3) has received .m.uch Synthesis of the cobalt oxyhydrate superconductor gener-
attention due to the unconventional superconductivity in- ally comprises three step45 including (1) preparation of
duced in a planar triangular lattiée® The material is built the parent compound gf-NaCoO, with x = 0.5—0.7514
up by the conducting triangular Ce@yers sandwiched with (2) oxidation ofy-NaCo0;, and (3) the hydration process.
insulating block layers that consist_of two layers of water Among them, the second step was demonstrated necessary
molecules and one layer of the sodium iéA$*Contrasts  acayse the intercalation of bilayer water for the non-hydrous
and similarities between the cobalt oxide superconductor and,\lach)O2 could be realized only when < 0.35% Therefore,
the copper oxide ones in view of structural and electronic ,, previous preparation method inevitably involved an
correlations may s.hed light on the challenging issue of high- ..qation process for the parent compound either by the
Te superconductivity? chemical oxidation at low temperatures using, BXaS;0s,*°
The experimental study of this new superconductor and KMnQg® as the oxidizing agents or by electrochemical
encounters difficulties because the compound was shown togxidation® In the oxidation process, sodium ions are partially
be rather unstabteextremely sensitive to the environmental  deintercalated, without modifying the two-dimensional GoO
temperature and humidiy. This challenge happens in each building layers.
process of synthesis, characterization, and the physical As we know, some @ transition metal oxides with the
property measurement. For this reason, inconsistent experiintermediate valence state undergo disproportionation reac-
tions in acid solutions. A relevant example is the layered
* To whom correspondence should be addressed. E-mail: ghcao@zju.edu.cn.|ithium cobalt oxide. It was shown that the disproportionation
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superconductivity. Therefore, one would expect that the

cobalt oxyhydrate superconductor with high content of

protons can be obtained through the disproportionation
reaction route because the ion exchange betweénidtes

and protons takes place more easily in acid solutions than it
does in neutral solutions. Here we report the new synthesis
and characterization of the cobalt oxyhydrate superconductor.
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Sample Preparation. There are also three steps in the present o
synthesis. In the first procedure, parent mateyida,CoO, was s
prepared by a solid-state reaction. High-purity,8i@; and CaO, (a)
powders with the nominal stoichiometric ratio of fNgCoO, were . r r r y r r
mixed thoroughly and then pressed into pellets under a pressure of 0 10 20 30 40 50 60 70 80
2000 kg/cm. The pellets were rapidly heated to 1073 K in flowing 26 (degree)

oxygen, and held at that temperature for 12 h. This process wasFigure 1. X-ray diffraction patterns for Sample A (N#C0Q,), Sample B
repeated twice with an intermediate grinding. As a result, the single- (N&.14Hz0)2C00,), and Sample C (NagHzO).LCo0wH20). The peaks
. marked by the star indicate the formation of small amount of the monolayer

phase NgCoO, was obtained (hereafter called Sample A). The hydrate.
sodium content in Sample A was measured to be 0.70(1), slightly
lower than the initial one, which is due to volatilization of sodium
oxide during the very beginning of the solid-state reaction. .

The second procedure of the synthesis is the disproportionation Crystal Structure and Morphology. Figure 1 shows the
reaction of Sample A in an acid solution. About 0.5 g ofoa  XRD patterns of the Samples A, B, and C. Sample A contains
Co0, was immersed in 100 mLfd M HCl solution for 2 days at @ single hexagonaly-Na,CoQ, phase, whose structure
room temperature. It was observed that the color of the solution consists of edge-sharing Cg@©ctahedral layers separated
gradually turned pale red due to the release of [GA)F%". The by the sodium ions in trigonal prismatic coordinat®®mhe

resulting black solid was filtered, washed with deionized water, |attice parameters age= 2.834 Aandc=10.90A, in good
and dried in air at room temperature; it is hereafter referred to as ggreement with the previous repéte!

Sample B. Finally, Sample B was placed in a chamber with the - “g0 o reatment in the HCI solution, theaxis of the
relative humidity of 100% at room temperature for several

days for the water intercalation. The resultant is referred to as main phase Sh”,nks to 2'81:,[ A and, thexis eXpandS to

Sample C. 11.24 A. The shrinkage @t-axis is attributed to the increase
Sample Characterizations. Samples were characterized by of the oxidation ,State of CObalt’_ Shorte”'”g the @ bond

powder X-ray diffraction (XRD), scanning electron microscopy length. Meanwhile, the elongation of theaxis is due to the

(SEM), thermal analysis (TA), and magnetic susceptibility measure- Weakening of the interlayer Coulomb interaction as a
ment. XRD experiments were carried out using a D/Max- consequence of the deintercalation of'Nens. The sodium

diffractometer with Cu K« radiation. Lattice parameters were ion exchange with the hydronium ions may also result in
refined by a least-squares fit with the consideration of the zero shifts. the elongation of the-axis. It should be noticed that the
SEM images were taken on a SIRON scanning electron microscope. XRD pattern of Sample B shows two minor peaks ét~2

The ground sample powders were placed directly on the copper{3° and 26, indicating the formation of a small amount of
sample holder for making the SEM specimen. Energy-dispersive the monolayer hydratg:2?

X-ray (EDX) spectra were obtained by using the Phoenix EDAX
equipment attached to the electron microscope. The TA experiment As can be seen from the XRD pattern, the fully hydrated

was carried out on a WCT-2 differential thermal microbalance, Sample C becomes single phase again. The hexagonal cell

operating at a heating rate of 10 K/min from 298 to 1373 K. The Parameters ara = 2.820 A andc = 19.82 A indicating
system is able to record the thermogravimetric (TG) signal and the that bilayer water molecules are intercalated into the adjacent

differiential thermal analysis (DTA) one simultaneously. The Co0G; layers. One notes that tleeaxis is particularly longer
temperature dependence of ac magnetizatiég)(was measured  than the values of the previous report® We argue that it
on a Quantum Design PPMS facility. The applied ac magnetic is due to the incorporation of the hydronium ion, the size of
field is Hac = 10 Oe, thus the ac susceptibility can be obtained: which is larger than that of the sodium ion.

Koo = MadHao _ _ Figure 2 shows the typical SEM images of Sample A and
Sodium content of the sample was determined by the tia- Sample C that had been preserved in air with humidity of
selective electrode (ISE) methi§as well as by the EDX spectra. 20% and 100%, respectively, at room temperature for two

Weighted samples (dried whenever necessary) were dissolved in aweeks The low-resolution image for the Sample A shows
mixture of H,O, and HNQ solution. The pH value of the solution ) g P

was then neutralized to-9L0 by adding isopropylamine to eliminate platelike grains with the size ranging f.rom 280 um in

the disturbance of kD*. Blank data were measured and then Ife€gular shapes. The surface of the grains looks coarse. The
subtracted. The measured precision of the sodium content achieve@igh-magnification image shows that there are smaII. particles
0.01 when the fluctuation of the environmental temperature is With size below 1um on the surface of the grains. In
controlled within+0.3 K. comparison, the grain size of Sample C becomes smaller on

Results and Discussion
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Figure 3. Thermal analysis result for Sample C @NgH30)02C00,*
wH20). The inset shows the enlarged plot, where the original TG data
(in %) have been subtracted by an empirical quadratic “background” of
76.85— 0.0767x t + 8.42 x 1075 x t2 (t denotes the temperature iG)

that is primarily due to the kinetic process of water loss.

C was 0.17:1:2.3. This result is in good agreement with the
Na" ISE measurement, which gives the sodium content of
0.15(1).

The thermal analysis result of Sample C is shown in Figure

Figure 2. SEM images of Sample A (NaCoQO,) and Sample C
(Nag.15(H30)0.2C00,*wH20). Note that Sample A had been preserved in . i
air with humidity of 20% at room temperature for two weeks. The insets 3. AS can be seen, the TG curve shows steplike weight-loss

show the corresponding representative EDX spectra. The small peak at thecorresponding to the endothermal peaks in the DTA curve.

low energy side (ascribed to carbon) can be observed for Sample A. According to our previous analys%%,vve explain each step

as follows. The first heavy weight loss below 106G is

average, and the platelike grains tend to be hexagon-shapedttributed to both the crystal water and the absorbed free
and have smooth surfaces. By further magnifying, no such water because the calculated water content for the pristine
small particles can be seen on the surface. The strikingsample is as high as 3.0, which is too much for occupying
feature of the morphology is the booklet-like structure in two water layers. At about 10T, the water content is 0.75,
each “grain”, which has also been observed eatfidihe where the sample mainly contains the monolayer hydrated
thickness of the “page” is as thin as 20 nm from the high- phases with the-axis of 13.9 A322The second weight loss
resolution image. Obviously, the formation of the “booklet” indicates further loss of water in the monolayer hydrated
is due to the release of the intercalated water when the samplghase. Compared with the above crystal water, the water in
was in the SEM vacuum chamber. the hydronium is not easily released. Therefore, the loss of

The EDX spectra, as shown in the inset of Figure 2, the last crystal water accompanied by the sharp DTA peak
determined that the atomic ratio of Na, Co, and O for the at 200 °C is associated with the decomposition of the
Sample A was 1.3:1:2.6. The element carbon was alsoincorporated hydronium. The fourth weight loss around
detected. The result was very similar while probing the 330°C is ascribed to the decomposition of NgCoGQ; into
different particles or collective particles. Obviously, the Nay/CoQO, and CgQO,, releasing oxygen and water vapor.
measured sodium content is too much higher than the The weight losses in the third and the fourth steps can be
expected value 0.70. This let us conclude that the small more explicitly seen in the inset of Figure 3. The last two
particles on the grain surfaces are probably sodium carbonateweight losses at high temperatures are assigned to the
The formation of NaCO; on the surface of N&E0G, crystals decomposition of Cs, and Na o0, respectively. All
was also suggested by the Raman spectroscopy measurehe steps with increasing temperature can be illustrated as
ment?* What is more, when Sample A was immersed in the follows:
acid solution, some bubbles (carbon dioxide) could be

observed on the surface of the sample by the naked eyeNaH CoO,wH,0 407100°C N@HYCOQ-WHZOM
which further confirms the formation of sodium carbonate. 200°C 200-350°C
The mechanism is likely to be involved in the formation of NaH,Co0,yH,0 —— NaH,Co0———
NaOH when the sodium ions exchange with hydrated protons  Na, .Co0, + C%O4m> Na, Co0, + Coo22C,
in humid air. Consequently, the sodium carbonate appears Melt (N&,0 + CoO)
on the grain surface due to the reaction withGfoom air).

Chemical Composition Analysis. The EDX spectra Sincex is given to be 0.15(1) value can be independently

determined that the atomic ratio of Na, Co, and O for Sample ca|culated from the weight loss in the third or the fourth

step. For example, the weight loss in the third step was

(23) Cmaidalka, J.; Baikalov, A.; Xue, Y. Y.; Meng, R. L.; Chu, C. W.  determined to be 3.6(2)%, which gives th&alue of 0.20-

(24) Fs)?ﬁ's\if_aecl.zg?ffoé.l\(zashg H. X.; Nie, C. J.: Jin, R.; Li, J. ®hys. (2). Oncey is settled, the fourth weight loss can be described

Rev. B 2004 70, 052502. by the equation NgygHo ,C00, — 0.214 Na Lo, + 0.262
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Figure 4. Temperature dependence of ac magnetic susceptibility for
powdered Sample C (NagH30)o.2Co0,*wH>0). ' andy' denote the real
and imaginary parts, respectively.

C0304 + 0.1H,0 (1) + 0.212 Q (!). This process will have
the weight loss of 5.77% (compared with the initial hydrated
compound), which is in very good agreement with the

experimental value 5.8(2)%. Moreover, the calculated weight-
loss in the fifth step also satisfies the experimental data quite

Ren et al.

the oxidation state of cobalt) rather than the sodium content
that controls the appearance of superconductivity in the cobalt
oxyhydrate system.

Disproportionation Reaction. Now let us discuss the
disproportionation reaction of NaCoGQ, in acid solutions.
The main chemical reactions of N&20G; in acid solutions
should be (1) disproportionation reaction and (2) ion
exchange reaction, similar to the case in the Ligs@temt’

The disproportionation reaction involves the electron transfer
between equivalent portions of the cobalt ions. One portion
of cobalt ions dissolves in the solution forming divalent
hydrous cations and the other portion of cobalt ions in the
solid is oxidized. At the same time, partial sodium ions also
dissolved into the aqueous phase to balance the charge. These
chemical processes will erode the parent material, which can
be seen from eq 1 as follows:

NaCoQ, +
disproportionation —
=t T g A oNa ,Co0, +
7=30oNa" + g =f5 Co + =305 5H0 ()

well. Therefore, the chemical formula of the superconductor The above SEM images give the information on the

can be written as NagHz0)C00,wH;0O, where the

disproportionation reaction. The parent material has larger

content of the crystal water cannot be exactly determined grain size (in theab plane) than that of Sample C, giving

due to the existence of free water.

Recently, it was proposed that the oxidation of8l@0;,
by Bro/CHs;CN produced the oxygen deficientwhich was
supported by the chemical titratiéhHowever, when sintered
the Na o0, sample in flowing oxygen, the oxygen
deficiency can be eliminated.lt is argued that the oxygen
deficiency is not likely to happen in the process of the
disproportionation reaction in acid solutions. Actually, we
also carried out the iodometric titrati®nfor Sample C,

however, the uncertainty of free water (as indicated above)
prevented us from obtaining a definite the oxidation state of N&CoGQ, + yH;0

cobalt.
Superconductivity. Figure 4 shows the temperature

the evidence of eroding due to the disproportionation
reaction. In addition, Sample C tends to have a regular
(hexagonal) shape. This observation suggests that the dis-
proportionation reaction takes place on the verge of the
crystal grains. One may make use of this property for
preparing the cobalt oxyhydrate crystals.
In the ion exchange reaction, Naons exchange with

hydronium while the oxidation state of cobalt remains
unchanged. This is a competitive reaction described below

4 ion—exchange
— =

Na,_,(H,0),Co0, + yNazz)

So, combining egs 1 and 2 with the water intercalation, and

dependence of ac magnetic susceptibility for the powderedysing the realistic composition, we may write the total
Sample C. The real part of the susceptibility indicates a sharpchemical reaction as follows:

diamagnetic transition at 4.1 K, while the imaginary part

gives a complete dissipation peak, suggesting good homo-Ng, /.CoC, + 1.006H" + (w — 0.267)HO~

geneity for the sample. The magnetic shieldind2& for

the powdered sample corresponds to the superconducting
volume fraction of 12%, comparable to or better than the

values measured on the previous powdered sampregs
The value ofT; is slightly lower than that of the cobalt
oxyhydrate superconductor containing less hydronfitiNote

0.788Ng ,H;0), ,C00,WwH,O + 0.582Nd + 0.212C4"*
3)
Conclusion

We succeeded in synthesizing a cobalt oxyhydrate super-
conductor NaigHz0)o 2C00wH,0 through a dispropor-

that the sodium content is beyond the range exhibiting ¢,nation reaction route. The superconductor contains a very
superconductivity in the electronic phase diagram established,, , ~ontent of sodium and a relatively high content of

by Schaak et & .Nevertheless, the oxidation state of cobalt
is estimated ast+3.65(3) due to the incorporation of

hydronium, provided the oxygen deficiency is absent. This

hydronium but it is still superconducting below 4.1 K. Since
the disproportionation reaction takes place on the verge of
the crystal grains, we expect that this synthesis method can

indicates, as expected, that it is the carrier concentration (ory, employed in obtaining superconducting crystals of the

(25) Rivadulla, F.; Zhou, J. S.; Goodenough, JPBys. Re. B 2003 68,
075108.

(26) Karppinen, M.; Asako, |.; Motohashi, T.; Yamauchi,Ehem. Mater
2004 16, 1693.

(27) Chou, F. C.; Abel, E. T.; Cho, J. H,; Lee, Y. &nd-mat/0405158
2004

cobalt oxyhydrate.
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