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Synthesis and Characterization of Hydrated Rubidium
Thio-hydroxosilicogermanates Using Mechanochemical
Hydrothermal Synthesis
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The synthesis, structure, and proton conductivity of the hydrated thio-hydroxosilicogermanates
Rb,GeSi;—«S(OH)s—yH,0 (2 < z < 3; 0 <y < 1.7) are reported. X-ray diffraction indicates that the
z = 2 materials are amorphous and show no unreacted starting materials, which is consistent with the
mechanochemical hydrothermal evaporatipnecipitation synthesis method. Infrared spectroscopy shows
a fully reacted system where both silicon and germanium central anions have vibrational mo@88 at
~780,~667, and~450 cn1?! associated with asymmetric modes for-8, Ge-O, Si—S, and Ge-S
chemical bonds, respectively - stretching and bending modes are present2870 and 1655 crt,
respectively, with the intensities of both modes decreasing with the addition affS#an spectroscopy
reveals symmetric stretching modes of the-Geunit at~420 cnt®. A new peak appears at460 cnt?
with the substitution of 3i for Ge**. There are weak peaks abov@60 cn? that can be attributed to
H,O and G-H libration modes. Thermogravimetric analysis shows that water loss begins above the
synthesis temperature 6f75 °C. All water is lost by~300 °C which is consistent with the onset of the
loss of conductivity. Alternating current impedance spectroscopy measurements performed on low-pressure
sealed pellets show conductivity values ranging from>1® 10725 S/cm from ~100 to 260°C,
respectively. Maximum conductivity values of ¥ and 103° S/cm at 120°C are obtained for 2RbSH
+ 0.9GeQ + 0.1SiQ + 0.8H,0 and 3RbSH+ 0.9GeQ + 0.1SiQ + 1.1H0, respectively. a.c.
impedance experiments under humidified conditions resulted in large increases in the proton conductivity
at low temperatures. For= 0.9 and 0.8 for the 2RbSH xGeQ, + (1—X)SiO, + yH,O samples, the
humidified d.c. conductivity was-10~* S/cm at 60°C, up from~108 S/cm for samples measured
under dry nitrogen. The effects of water and S@ntent on the proton conductivity are also discussed.

Introduction Our previous work on ceramic materials, which are more

thermally stable than polymeric materials, has resulted in

The need for alternative energy sources has increased, oion conductivities 0f-102 S/cm at 120°C and thermal
greatly over the past few years due to high gasoline prices giapilities up to~300 °C for hydrated heavy alkali thio-

and stricter pollution regulations. Research into-, fuel hydroxogermanatés These high proton-conducting materi-
cells operating in the intermediate temperature rand®(0-— als are of the form MGeS(OH)scyH.O where M= Na
300°C) provides possible solutions to these problems with ¢ Rb, Cs, 1< x < 4 and 0< y < 8. It has been shown tr’1at

H2—0; fuel cells having zero emission and using hydrogen i e oxysulfide systems have higher ionic conductivities

and oxygen as fuels. The heart of the+0; fuel cellis the  y o ither their oxide or sulfide counterparts and suggests
proton-exchange membrane (PEM) which works to transport ¢, o promise as PEMs for use in the intermediate temperature

proton species from the anode to the cathode, thus creating.,ge7-9 These alkali thio-hydroxogermanates have also
electricity. A common material for the PEM is Nafion, @ peen found to be reversibly dehydrated and hydrated ac-
hydrated perfluo(El?r;ated polymer, which has a proton con- . 4ing to vibrational spectroscopy investigatidh©ther
ductivity of ~107"S/cm at 80°C under heavily hydrated 51} has also been performed on an all oxide systems
conditions. There are various other polymers which have MsHGeOysxH,0 where M= Li, Na, K, Rb, Cs andk =
proton conductivities high enough for fuel cell applicatiérfs. 4 " 11.12The maximum proton céndu,cti\;ity reached for these
Our work has been performed to develop a material for the

PEM that does not rely on such high levels of hydration to (5y poiing, s. A Nelson, C. R.; Martin, S. V€hem. Mater2005 17,

have high proton conductivity. 1728. ,
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Hydrated Rubidium Thio-hydroxosilicogermanates

materials was~10"2 S/cm at~300 °C for RsHGeO1¢
4H,0.1?

To further increase the ionic conductivity, *Siwas
substituted for G& which was expected to weaken the

electrostatic interaction between mobile cations, resulting in

an increase in the cation conductivity. Materials of the form
M3sHGe&-nSinO16xH20 where M= K, Rb, Cs, 0<m < 3

andx = 0—4 were synthesized and were observed to show
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using Cu Ko radiation ¢ = 1.54178 A), 40 kV, and 30 mA. Scans
were performed between 2@nd 60 20 using a 0.02 step size

and a 0.5 s dwell time. Powdered samples were packed into a
recessed square polycarbonate sample holder and covered with
0.001 in. thick Kapton (Polyimide) tape to seal out atmospheric
moisture. The IR absorption spectra were collected at 298 K with
a Bruker IFS 66 Vv/S spectrometer using 32 scans and 4! cm
resolution in both the mid-IR and far-IR regions. Translucent Csl
pellets were prepared for transmission by mixind wt % of

an increase in the cation conductivity and a decrease in thepgwder sample with Csl and pressing. The Raman scattering spectra

activation energy with increasing silicon contéht.

were collected at 298 K with a Bruker FT-Raman RFS 100/S

A mechanochemical hydrothermal reaction method has spectrometer using a 1064 nm Nd:YAG laser, 32 scans, 2 cm

been used to promote reaction of the silicon dioxide in water.

This method has previously been shown to work in the
MgO—SiO, and Mg(OH}—SiO, system where amorphous
products were obtained through hydrothermal reactibis.
For example, Avwakumov et al. was able to show that

hydrated oxides react faster mechanochemically than for

anyhydrous oxide mixture’:1”

In this work, we expand on the previously synthesized
alkali thio-hydroxogermanates of the form ,GeS-
(OH)4—xyH20. We have specifically focused on the rubidium

system which was shown to have the best combination of

proton conductivity and thermal stability. In an effort to
improve the thermal stability and proton conductivity by
substituting Si* for Ge**, hydrothermal mechanochemical

resolution, and 300 mW of power focused orv@.1 mm diameter
spot size. SEM-EDS measurements were performed using a Jeol
JSM-6060LV system with an Inca EDS-7582. The samples were
pressed into pellets and sputtered in gotd5(nm) in a N
atmosphere.

Thermal Characterizations. Thermal mass loss measurements
were performed with a Perkin-Elmer Thermogravimetric Analyzer
TGA 7 (TGA). About 10 mg of sample was placed in an open
aluminum sample pan. The sample was then heated at a rate of 10
°C/min from 50 to 500°C using 20 mL/min flow of N as the
sample purge gas.

Conductivity Measurements.a.c. impedance data were collected
with a Gamry PC4/750 potentiostat in the frequency range of 0.2
Hz to 100 kHz using 0.5 V amplitude on compacted powder
samples. Hardened steel blocking electrodes with a 6.35 mm o.d.

synthesis technique will be investigated to increase the were pressed inside an undersized Teflon sleeve containfity

reactivity of SiQ in water.

Experimental Section

Sample Preparation.Samples of the form RB&Si;—»S(OH)s—x
yH,O were prepared by placing 0.5 g batches of stoichiometric
amounts of RbSHé&commercial quartz-type Ge@Cerac 99.999%,
~325 mesh), and amorphous SiQAlfa 99.9%) in 5 mL of
deionized (DI) water in a Fritsch Pulverisette-6 planetary mono
mill with 10 ZrO, milling balls, 10 mm in size, in a Zrbowl.

mg of sample. A pressure 0f562 MPa was applied to produce
an average pellet thickness 6f0.4 mm. Constant pressure was
maintained on the pellet during the measurement by the electrodes
and an aluminum ‘O’-frame insulated from the electrodes with
Teflon. The pellet/electrode/frame assembly was contained inside
a mullite cell that maintained about 1 atm of,.NHydrated
impedance runs were performed by bubbling dry 0% R.H. at
STP) through a controlled temperature water bath~(50 °C).

The bottom of the cell was placed into a custom-built crucible
furnace and data were collected using increments ofC@fter

Planetary milling was used to decrease the particle size, thusallowing the sample temperature to stabilize for 20 min. The d.c.
increasing the surface area available to increase the reaction rateconductivity values were determined from the intersection of the

The corresponding reactions may be written as:

ZRbSH+ xGeO, + (1-x)SiO, + (y+2—2H,0 —
Rb,GeSi,_,S,(OH), ,yH,0,2=<2z=<3,05=<x=<1.0 (1)

Samples were milled fo2 h at 200 rpm andhen transferred to a
polypropylene jar on a hot plate at75 °C to dry. A dried film
was deposited after allowing the excess water to evaporat& &t
°C. Samples were then stored under a dgyatimosphere where
preparations for sample characterizations were performed.
Structural Characterizations. Structural investigations were
performed using X-ray diffraction (XRD), infrared (IR) absorption,
Raman scattering, and scanning electron microscope energ

observed depressed semicircle and the low-frequency polarization
“tale” in the Nyquist plot of the complex impedance.

Results and Discussion

Sample Preparation.Amorphous products were obtained
which are consistent with the evaporatigprecipitation
synthesis method used. The resulting dried material was in
the form of a translucent film. At room temperature in
humidified air, the rubidium thio-hydroxosilicogermanates
readily absorb water and are very soluble in water, similar
to alkali salts. This strong affinity for water affects the

dispersive spectrometry (SEM-EDS). The powder XRD spectra Stoichiometry of the final product in that different amounts

were collected at 298 K with a Scintag XDS-2000 diffractometer

(12) Feng, S.; Greenblatt, MChem. Mater1992 4, 462.

(13) Feng, S.; Tsai, M.; Greenblatt, Mhem. Mater1992 4, 468.

(14) Temuujin, J.; Okada, K.; MacKenzie, K. J. D. Solid State Chem.
138 169.

(15) Liao, J.; Senna, MThermochim. Actd 992 210, 89.

(16) Avvakumov, E. G.; Kosova, N. V.; Devyatkina, E. Nleorg. Mater.
1992 28, 2176.

(17) Avvakumov, E. G.; Devyatkina, E. T.; Kosova, N. ¥. Solid State
Chem.1994 113 379.

(18) Martin, S.W.; Poling, S. A.; Sutherland, J. T. U.S. Patent application
10 627 584, 2003.

of intercalated water can be present in the sample with
slightly different experimental conditions. Under nonhu-
midified (dry) conditions, the samples are very stable and
easily pressed into powder pellets.

Structural Characterizations: XRD. The powder XRD
diffractograms indicate that the substitution of small amounts
of Si*t for Ge** results in a noncrystalline material for the
2RbSH+ xGeQ, + (1—x)SiO, + yH,O samples which was
observed for the previously synthesized alkali thio-hydroxo-
germanate® Figure 1 shows the diffractograms for 2RbSH
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2 Theta Figure 2. Infrared absorption spectra for the as-prepa®dSH+ xGeQ
. . + (1-x)SiO; + nH20 (z= 2 and 3, 0.5< x < 1.0). Vibrational modes
Figure 1. _Powder XRD diffractograms for the as-prep_ared 2Rb}SkGeC_k located at~950, 780, 667, and 450 crhare attributed to SiO-, Ge—
F (I79Si0; + nH20 and 3RbSHF xGeQ; + (1-X)SI0; + nH0 (x = O, S-S, and Ge-S~ bond stretch vibrations. ©H stretching and

1.0, 0.8, 0.6) samples. Scans were obtained from finely powdered samplesyending vibrations are observed 48370 and 1655 crii, respectively.

covered with 0.001 in. thick Kapton (Polyimide) tape. An empty polycar- H,0 and O-H liberation modes are present as sharp bands between 1446
bonate sample holder covered with tape is shown as a reference. Majorynq 534 cmit.s

peaks from crystalling-SiO,, SiS, GeQ, and Ge$ are also shown for

reference. 0.7

] 7 ' Raman
+ xGeG + (1—X)SiO, + nH,O (x = 1.0, 0.8, 0.6) and 0.6 <§ ZROSHxGeO,+(12)S10,+yH,0
3RbSH+ xGeG, + (1-X)SiO, + nH,O (x = 1.0, 0.8, 0.6). wbww
The samples were covered with a Polyimide tape to prevent 2z 05 —waw
sample hydration at room temperature. There were no § w’\k 7=3.0, x=0.8,y~15|
observed peaks that were distinguishable from the polycar- —; 0'4“_W,A~__,A,3:§&’EE&Y:L1
bonate holder background from 2@ 60° 20 for the 2RbSH £, 3_“—\/\& z=3.0,x=1.0, y~2.0
+ xGeQ + (1—X)SiO, + nHO samples. There was no : W mu o 2=20,x=05,y~0|
evidence of unreacted RbSH, GgGi0,, or ZrO, from the O'Z‘A‘\%ww
milling bowl and ball media. Weak peaks were present for ] 7220, x=0.7, y~0.7
thex = 0.8 andx = 0.6 composition of the 3RbSH xGe(; 0.1 —M\/wa
+ (1-X)Si0; + nHzO phase, pe_rhaf)gs irjdigoating a ;s,lemicrys- N N ;:g:g; ;‘:ﬁlgdjgg
talline structure. Crystalling-SiO,,'° Si$,*° Ge(,*t and TR 300 4% 600 750 900 1050 1200 1350 1500

GeS?? are shown for reference. It does appear that there is
a small percentage of crystalline products in the 3RbSH - - _ or th RISH 4+ XG0,
e : igure 3. Raman scattering spectra for the as-prepa xGe
xGeQ + (1 X)SIOZ_ + nH0 SamF?'es' The,' resulting XRD + (1-x)SiO; + nH,0 (z= 2 and 3, 0.5< x < 1.0). Stretching vibrations
amorphous materials are consistent with the employed associated with the GeS~ bond are located between 385 and 443 &m
synthesis route of planetary milling and then evaporating A vibrational mode at-460 cntlis attributed to the substitution of Ge
esis . ar Ao 1 :
precipitating at~75 °C. Crystallme products have been by Sitt. Sharp vibrational peaks above460 cnT! may be attributed to

. - . H,O and C-H rotary modes.
obtained for similar binary samples, p&eS(OH),-5H,0

and NaGe&(OH)-8H,0, by using large amounts of acetone  (oH)-yH,0, respectively. The previously synthesized amor-
at room temperature to isolate the crystalline phds€dhe phous 2RbSHF GeG, + yH,0 is observed to have vibrations
proposed structural model is a metal anion, either germaniumat ~.450, 622, and 780 cm associated with vibrations from
or silicon, tetrahedrally coordinated by sulfur anions and asymmetric Ge'S-, Ge-OH, and Ge-O-, respectively’.
hydroxide ions. The sulfur anions are terminated by rubidium \water bands associated with-®l stretching and HO—H
cations. bending are observed at3370 and 1655 cri, respectively.
Structural Characterizations: IR. The IR spectraindi-  The doping of St for Geé** results in the addition of
cate a mixed system with both germanium and silicon numerous vibrational modes. At= 0.9, a band appears at
bonding to both oxygen and sulfur and the presence of ~950 cnmi?, which can be assigned to the asymmetrie Qi
hydrated water. Figures 2 and 3 show the spectra for samplesstretching of the StOH group* This mode is observed to
of the form Rb(GeSk-)S(OH)"yH-0 and RGeS S broaden as more silicon is add&dt is observed that as the
concentration of GePdecreases from = 0.9 tox = 0.6,

Raman Shift, cm™

(19) Liu, X.; Su, W.; éhao, X.; Wang, Yllillater. Lett.1993 1ﬁ, 234. | the intensity of the asymmetric stretching band-&B80 cnt?!
(20) %gsle\:% g'o'_B“r na, K.; Semenenko,Moscow Uni Chem. Bull- - o creases and shifts to lower wavenumbers, indicating
(21) Bolzan, A. A.; Fong, C.; Kennedy, B. J.; Howard, C.Acta stronger bonding. The intense asymmetric vibration associ-

Crystallogr., Sect. BL997, 53, 373.
(22) Prewitt, C. T.; Young, H. SSciencel965 149, 535.
(23) Krebs, B.; Wallstab, HZ. Naturforsch.1981, 36h, 1400. (25) Kawakami, Y.; Ikuta, H.; Uchida, T.; Wakihara, Mhermochim. Acta
(24) Krebs, B.; Wallstab, Hinorg. Chim. Actal981, 54, L123. 1997, 299, 7.




Hydrated Rubidium Thio-hydroxosilicogermanates

Table 1. SEM-EDS Results Using a Jeol JSM-6060LV System with
an Inca EDS-7582

sample Rb Ge Si S O

2RbSH+ 0.6GeQ + 0.4SiG

theoretical weight % 528 135 347 198 9.88

EDS weight % 50.3 227 479 15 7.16
2RbSH+ 0.8GeQ + 0.2SiG

theoretical weight % 514 175 169 193 9.61

EDS weight % 48.7 26.6 346 156 5.77
3RbSH+ 0.6GeQ + 0.4SiQ

theoretical weight % 60.4 103 265 227 3.77

EDS weight % 549 127 368 172 115
3RbSH+ 0.8GeQ + 0.2SiG

theoretical weight % 59.2 134 1.3 22.2 3.69

EDS weight % 543 168 272 178 8.37

aSamples were pressed into 0.5 in.
gold in a N atmosphere.

diameter pellets and sputtered in
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ated with Ge-S™ is observed to decrease in intensity with Figure 4. TGA thermograms for the as-prepared 2RbStxGeQ, +
the reduction of germanium in the sample. The modeGg7
cm! has previously been reported as the stretching vibration the synthesis temperature o175 °C with a change in the slope observed
for the S-S~ bond?® The addition of SiQalso results in a
decrease in the ©H stretching vibrations at3360 cnt?,
perhaps indicating that the retention of water in the sample
is due to the presence of germanium, not silicon. In
agreement with this, there is a very weak-B bending
mode at~1655 cn1? for thex = 0.9 of 2RbSH+ xGeQ; +
(1—x)SIO, + yH,0, but it is observed to disappear with
further additions of Si@ The O-H bending mode is present
at ~1655 cm! for x = 1.0 tox = 0.7 for the 3RbSH+
xGeQ + (1-X)SIO, + yH,O samples, which indicates that
higher concentrations of alkali lead to larger amounts of

intercalated water.

Structural Characterizations: Raman. Figure 3 shows

the corresponding Raman spectra for the as-prepared

ZRbSH+ xGeQ, + (1—x)SiO; + yH,O (z= 2 and 3, 0.5
X < 1.0) samples. The Raman spectra for 2RbSKseQ,
+ yH,0 and 3RbSHt+ GeQ, + yH,O have been previously
reported and show peaks between 483 and 358 evhich
are associated with stretching modes of terminatGeand
bridging Ge-O—Ge units and of nonbridging GeO~ (H™)
and Ge-O~ (M) units® The substitution of 3i for Ge**
results in a new peak at460 cn1™. It has previously been
reported that the substitution of Si for Ge in GeSgits results
in additional Raman lines between 450 and 550 tm
perhaps explaining the evolution of the peak-@60 cnr.26
The intensity of the symmetric stretching G mode at
~420 cnt! is observed to decrease in intensity as the
concentration of 3f increases. There does not appear to be
a vibrational mode associated with bridging -G&-Ge
modes €340 cn1?), which supports our proposed structtite.
Compositional Characterizations: SEM-EDS.Table 1
shows the results for the four samples investigated usingremoval of water under high vacuum.
X-ray diffraction, 2RbSHt 0.6GeQ + 0.4SiQ, 2RbSH+
0.8GeQ + 0.2SiQ, 3RbSH+ 0.6GeQ + 0.4SiQ, and
3RbSH+ 0.8GeQ + 0.2SiG. The EDS results agree well

with trends that are to be expected for the samples investi-(1—x)sj0, + yH,0, respectively. The calculations for the
gated. Within each system, tiRbSH+ 0.8GeQ + 0.2SiQ

(26) Tenhover, M.; Hazle, M. A.; Grasselli, R. Rhys. Re. B 1983 28

(10), 5897.
(27) Kim,
3716

Y.; Saienga, J.; Martin, S. W.. Non-Cryst. Solid2005 351,

(1—x)SiO; + nH20. Samples were placed in an open aluminum pan, heated
at 10°C/min, and purged with N Continuous mass loss is observed above

between 280 and 29TC attributed to the formation of bridging oxygens.
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Figure 5. TGA thermograms for the as-prepared 3RbSHXxGeO +
(1—x)SiO; + nH,0. Samples were placed in an open aluminum pan, heated
at 10°C/min, and purged with pl Continuous mass loss is observed above
the synthesis temperature of75 °C with a change in the slope observed
between 240 and 27TC attributed to the formation of bridging oxygens.

sample was found to have more germanium and less silicon
than the correspondindgRbSH+ 0.6GeQ + 0.4SiQ. Larger
errors were observed for the silicon and oxygen contents
which were to be expected. Silicon is very light and present
in such small amounts that accuracy is difficult. Errors were
observed for oxygen because the exact amount of intercalated
water upon exposing the samples to air momentarily and then
placing under high vacuum is not known so theoretical
calculations were performed assuming a completely dehy-
drated sample which would be consistent with the full

Thermal Characterizations: TGA. Figures 4 and 5
present the TGA thermograms for the as-prepared 2RbSH
+ xGeQ + (1—-x)SiO; + yH,O and 3RbSH+ xGeQ +

amount of water -yH,O) present in each sample were
performed by assuming that all intercalated water was lost
by the second inflection point. Continuous mass loss is
observed above the preparation temperature®d °C with

open sample pans purged under a nitrogen atmosphere. Both
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Figure 6. Arrhenius temperature-dependent plot of d.c. conductivity for the as-prepared 3RbSH xGeG, + (1-X)SiO, + nHz0, both first and

the as-prepared 2RbSH xGeQ, + (1-x)SiO; + nH,0, both first and second heating cycles. Measurements were performed usifi§ Sfeps
second heating cycles. Measurements were performed usifi§ feps and 20 min stabilization times on compacted powder pellets sealed in a
and 20 min stabilization times on compacted powder pellets sealed in a Teflon sleeve by hardened steel electrodes.

Teflon sleeve by hardened steel electrodes.

the 3RbSH+ xGeQ + (1—X)SIiO, + yH,O samples upon

of thex = 1 samples for 2RbSH xGeQ + (1—x)SiO, + substitutions of Si" for Ge*; see Figure 7. The proton
yH,0 and 3RbSHt xGeQ, + (1—x)SiO;, + yH,0 have the conductivity at 120°C for the undoped 3RbSH GeQ +
highest amount of intercalated water. It was previously shown yH20 sample was-10"2¢ S/cm and was~10-%* S/cm for
for the alkali thio-hydroxogermanates that the inflection point the 3RbSH+ 0.9GeQ + 0.1SiG + 1.1H0 sample. The
between 200 and 300C is attributed to the removal of conductivity was found to be highly dependent on both the
molecular water associated with the hydrated cation §hell. amount of silicon and intercalated water present in the dry
A second inflection point around 46@50 °C is attributed N, atmosphere. In general, as the concentration of germanium
to the thermal decomposition of hydroxyl groups and the decreases, the amount of intercalated water present decreases,
formation of bridging oxygen3A second inflection point  leading to a decrease in the proton conductivity. This result
is not easily observed for the 2RbSH xGeQ, + (1—X)- indicates that germanium plays a large role in the amount
SiO, + yH,O materials, indicating perhaps a higher tem- of intercalated water present in the materials which in turn
perature decomposition; however, an inflection point is plays an important role in the proton conductivities. So far,
observed for 3RbSH- xGeQ, + (1-X)SiO; + yH,O samples it appears that the highest proton conductivities were
around~450 °C. The presence of this inflection point for observed for the binary rubidium thio-hydroxogermanates,
the higher alkali content samples agrees with the conductivity 0a.c. > 1072 S/cm.
data in that the thermal stability is less for these samples Thermal cycling of the conductivity was performed to
compared to the 2RbSH xGe(Q; + (1-x)SiO; + yH:0 determine the ratio of proton to alkali conductivity. The first
samples. This decrease in thermal stability could be due toconductivity heating cycle was performed on the as-prepared
the fact that the 3RbSH- xGeQ, + (1-Xx)Si0; + yH0O material heated from-25 to ~280 °C. The cell was then
samples have more alkali modifier which acts to break up cooled back to room temperature and the second run was
the structure, thereby reducing the thermal stability. performed on the now dehydrated material, resulting in only

Conductivity Measurements. a.c. impedance measure- alkali conductivity (here rubidium) as opposed to the first
ments indicate that the substitution of'Sfor Ge** reduces ~ cycle where it is dominated by proton motion (with some
the proton conductivity for both the 2RbSH xGeQ, + rubidium motion). It is evident from the IR spectra in Figure
(1-X)SiO; + yH,0 and 3RbSHt xGeQ + (1—X)SiO, + 2 that the presence of vibrational modes associated with
yH,O amorphous materials. Figures 6 and 7 show the 0(H20) modes leads to enhanced proton conductivity while
Arrhenius temperature-dependent plot of the d.c. conductivity Samples without this peak in the IR spectra have no
for the as-prepared 2RbSH xGeQ, + (1—x)SiO; + yH.0 observable proton conductivity (i.e., their first and second
and 3RbSH+ xGeQ, + (1-X)SiO, + yH,O materials, cycle conductivity runs are the same). The two different
respectively. The conductivity drops over an order of Possible proton conduction mechanisms are vehicle and free-
magnitude at 120C from ~10-34 S/cm for the undoped  Proton types (Grotthuss). It is observed in these materials
sample, 2RbSH+ GeQ, + 1.7H,0, to ~10745 S/cm for that as the amount of hydrated water is increased, the proton
2RbSH+ 0.9GeQ + 0.1SiQ + 0.8H,0, respectively, using ~ conductivity increases, indicating that the conduction method
a low-pressure sealed holder for the pressed powder sample# due to this extrinsic water in a free-proton type mechanism.
which helps to minimize effects from different thermal a.c. impedance measurements were also performed in the
histories. A similar conductivity decrease was observed for presence of low levels of relative humidity (R.H,6%,
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2021222324252627282930313233 Figure 9. Observed effects of the presence of relative humidity for
1000/T, K" 2RbSH+ xGeQ, + (1—x)SiO, + nHO at~1 atm at 60 and 1260C. The

Figure 8. Arrhenius temperature-dependent plot of d.c. conductivity values presence of humidity increases the conductivity for all sampless 0«
for 2RbSH+ xGeQ, + (1—x)SiO, + nH,0 at~1 atm using~6% R.H.

produced by bubbling air through a water bath~&0 °C. crystalline materials for 3RbSH xGeQ, + (l—X)SiOZ +

for the 2RbSHE XG0 + (1—XSIO-VH-O les. Fi nH,O, x = 0.6 sample. The amorphous nature is consistent
Sor(;c N d X= le (h T) 'CF);?_/' 2 Sampies, |gu;eh with the mechanochemical hydrothermal evaporation

i« II(':. r?’onh ugtlwnegi_ or the low R.H. mea;ureméants 0 the precipitation synthesis method used to prepare the materials.

alkall thio-hydroxosilicogermanates were dependent on the 1q yinrational spectra indicate the presence of a mixed

amount of SiQ Eresent. ’2:0"( = 0.9, the d.c. conductivity  yg4em with both germanium and silicon bonded to non-
is between~10"* and 10 S/cm for t;emperatures tietween bridging oxygen and sulfur anions. There is also extensive
60 and 200°C, respectively (R.H~ 6%). Both thex = 0.9 hydrogen bonding observed throughk-@ stretching modes

andx = 0.8 sample; §how "?‘r:arr?e Increase |nf lthelrl Iovvl- and bending modes in some samples which leads to higher
temperature conductivities with the presence of low levels proton conductivities. Maximum d.c. conductivity values of

of humi(_JIi'Fy. Figure 9 shows a comparison between the dc ~10-45 and~10-35S/cm at 120C were obtained for small
conductivities for both the hydr_ated and nonhydrated experi- Si0, doping amounts for 2RbSH 0.9GeQ + 0.1SiQ, +
ments gt_ 6Q gnd 120C. It is observed that_ the d.c. 0.8H,0 and 3RbSH+ 0.9GeQ + 0.1SiG + 1.1H0,
conductivity is 'mPTO"ed at bOth.GQ and 1,20 W'th'n the respectively. These conductivity values were an order of
presence of hydration, once again indicating the importance o it de Jower than that of the binary alkali thio-hydroxo-
of WaFer in these systems for th? protqn conduct|V|ty.. The germanates previously synthesized, indicating that the ad-
large increase-¢4 ozders of magnitude) in the copductmty dition of St for G&*" does not weaken the electrostatic
at 6.0 Cto Nl(y, S/cm makes these materials more interaction between mobile cations and framework anions,
applicable for use in proton-exchange membrane fuel cells. but instead acts as a barrier to proton conduction. However,

the presence of humidity during the d.c. conductivity

Summary and Conclusions experiments for 2RbSH- xGeQ, + (1-X)SiO, + nH,0
In summary, a series of novel amorphous hydrated alkali resulted n a 4 order of magnitude increase in the proton
thio-hydroxosilicogermanates of the forRbSH+ xGeG conductivity at 60°C to ~10"* S/cm and a smaller increase

+ (1-X)SiO; + yH,O where 2< z< 3 and 0.5< x < 1.0 at 120°C to ~10°3 S/cm.

were synthesized from hydrothermal reactions and character- _ o

ized with respect to their structure, conductivity, and thermal ~ Acknowledgment. This material is based on the work
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