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Synthesis and Characterization of Silver Hollandite and Its
Application in Emission Control
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Richland, Washington 99354

Receied March 24, 2005

Silver hollandite, AgsMngO16, has been synthesized by ion exchange of cryptomelane in AghdD.
Compared to the previously described synthesis process, thermal decomposition of AghM0°C
under 5 kbar oxygen for 7 days, this newly developed synthesis process is easily carried out, enabling
synthesis of significant quantities for evaluation, testing, and scale-up. Silver hollandite prepared by this
new method has much smaller crystal size and thus much higher surface area compared with the previously
available material. Application of silver hollandite for emission control has been examined. This material
is an excellent low-temperature $@&bsorbent as well as a highly active catalyst for CO and NO oxidation.
Silver hollandite maintains its catalytic oxidation activity even while it is simultaneously aging by
adsorption of S@

Introduction Preparation of hollandite-type materials has been explored
extensively. Reflux methodd; ! solid-state high-tempera-
Hollandite-type manganese oxide materials are of consid- ture—high-pressure methodd*!5and sot-gel methods!6.17
erable interest because they can be used as oxidatiorare most frequently used to produce hollandite materials.
catalysts;? ion exchangerd? solid ionic conductors,ra- Other metal cations can be introduced into the tunnel by post
dioactive waste immobilizatioh,and battery materials. ion exchang&® or into the framework by substitution during
These materials, also referred to as octahedral molecularsynthesis!?
sieves, are constructed of double chains of edge-sharing Chang and Jansé&t® have provided the first and only
MnOs octahedra forming square cross-section tunnels with reported synthesis of Ag-hollandite. In their process, Ag-
two MnQs on each sidé:1° The pore diameter of the tunnel  hollandite (Ag gMngOie) is prepared from a mixture of
is about 0.46 nm. The tunnels are partially filled with uni- AgMnO4 and AgO in the molar ratio 1:1 at 97€C under
or divalent cations such as Ba(defined as hollandite), K 5 kbar oxygen over 7 days. They obtained needlelike crystals
(cryptomelane), N&manjiroite), and PH (coronadite). with dimensions 0.1 0.4 x 1.0 mn¥. The structure of Ag-
Generally, these cations are located in the center of the cubidollandite is different from that of the traditional hollandite
cage formed by four Mngoctahedra, coordinated with eight in that the silver cations do not occupy the centers of the
oxygen anions at a bond distance of about 0.28 nm (seeCUPic cages formed by MnOoctahedra, but rather the
Figure 1 a). The charge on the tunnel cations is balanced byCOT"mO” faces of the cubes, cc_)ordlnated W't.h four_qugen
substitution of lower valence Mh (or optionally other anions at about 0.24 nm (see Figure 1 b). This modification

cations, such as Beand AP*), for some of the M- in the of the structure may contribute to some unique ion conductive
framew’ork ' and oxidative catalytic properties. More than 20 years have

passed and no further characterization work or application
has been reported for this material. This is probably due to

* To whom correspondence should be addressed. E-mail: david.king@pnl.gov. two factors: (1) the high_temperature, high_pressure syn-
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Figure 1. Schematic showing Kposition in cryptomelane (left) and Agposition in Ag-hollandite (right). Mn@octahedra are shown in blue~O bond
length is 0.28 nm and AgO bond length is 0.24 nm.

theses process makes it difficult to produce this material in witha QUANTACHROME AUTOSORB 6-B gas sorption system
large quantity; (2) the material is not effective for applications Wwith degassed samples. Transmission electron microscopy (TEM)
such as absorption or catalysis since the large crystal sizeanalysis was carried out on a JEOL JEM 2010F microscope.
results in a very low available surface area. Selected area energy dlsp_erswe X-ra_y spectr_oscopy (EDS) was
Ag* cations can be doped into the tunnel structure of perfprmed on regions of interest using a L|nk§ EDS system
cryptomelane by ion exchange. In fact, cryptomelane is very S9UiPPed on the microscope. To obtain TEM images, the as-
. . . synthesized powder was dispersed in acetone solution and then
effec_tlve for selgcnve adsorption of Agfrom low pH deposited on a Cu-carbon grid.
solutions, even in the presence of large amounts of other The Ag. K. and Mn concentration in crvotomelane and A
cations? After Ag™ ion exchange, the original cryptomelane © A B yp g

| di d | lized hollandite were analyzed using an Optima 3000 DV Perkin-Elmer
crystal structure disappears, and a poorly crystallized Ag- inductively coupled plasma-atomic emission spectrometer (ICP-

hollandite forms: AES). For ICP elemental analysis, about 20 mg of solid powder
Here we report a new process that can be used towas dissolved in 12 mL of 2% HN$&-30% H,O, water solution.

synthesize highly crystalline, high surface area Ag-hollandite, The mixture was then diluted 1000 times with 2% HN@:fore

based on ion exchange of cryptomelane in AgN®@elt. ICP chemical analysis.

Some unique applications of this material in emission control,  An AMI-200R-HP system (Altamira Instruments, Pittsburgh, PA)

such as low-temperature $@bsorption and CO and NO  was used for temperature-programmed reduction (TPR) measure-

oxidation, will also be described. ment. About 50 mg of cryptomelane and Ag-hollandite samples
were treated in 60 mL/min 10%4490% Ar mixture from room
Experimental Section temperature to 600C at a heating rate of 18C/ min.

The oxidation state of Ag in the product was measured by X-ray
fphotoelectron spectrometry (XPS). A Physical Electronics Quantum
d2000 Scanning ESCA Microprobe system was used for the analysis.

2. SO, Uptake and CO and NO Oxidation Measurements.

f The test setup employed a small fixed bed quartz tube reactor, which
was heated by a small clam-shell furnace. Reactant gases were
dmetered using mass flow controllers. For different runs, different
feed gases were utilized. The S@nalytical system comprised a
HP6890 gas chromatograph equipped with a Sulfur Chemilumi-
nescent Detector (SCD), which has been described in detail
previously?® The concentrations of CO and G@ere measured

1. Ag-Hollandite Synthesis and Characterization Ag-hollan-
dite was synthesized through post ion exchange treatment o
cryptomelane. The cryptomelane was prepared using the metho
by DeGuzman et at A typical post ion exchange treatment of
cryptomelane was as follows (denoted as method A): 1.0 g o
cryptomelane was added to 100 mf.loM AgNO3; solution, and
the mixture was put into a temperature-controlled shaker and heate
to 55°C under continuous shaking. The total ion exchange duration
was 24 h. The liquid was decanted, and the solid was dried in air
at 120°C overnight, resulting in an excess of Aghleing present.
The dried powder was calcined in air at 500 for 2 h. The yield i . , .
was 1.3 g. An alternate method used was as follows (denoted asySing an Agilent Quad Se_nes Micro GC. The NO Nand total
method B): 2.0 g of cryptomelane was added to 20 mL of 1 M NOX_ were meas_ured using a 600'HCLD_ Digital NCMQter
AgNO; solution, and then the mixture was put into a temperature- (California Anglytlcal Instruments, Inc.). Dur!ng the experlm(_ental
controlled furnace and heated to 15D for 3 h and then to 256C run the analytical system was operated continuously, sampling the

for 12 h. After ion exchange treatment, extra AgN@as washed effluen_t every 3 min. The maximum sensitivit_y of the system to
off using deionized water. The yield of dried powder was 2.54 g. SQ; (with SO, feed levels 10 ppm) was approximately 50 ppb and

Powder XRD diffraction measurements were conducted with a 2PProximately 5 ppm for CO, GO NO, and NQ. Typical
Philips PW3050 diffractometer using Cui¢adiation and JADE, ~ Measurements employed a 0.2 g4 mesh particle sample. Each
dsample was pretreated in flowing air (100 sccm) at 30Gor 2 h

a commercial software package. Sample powders were mounted™. 8 N
prior to measuring SPuptake and oxidation performance.

in a front-loading, shallow-cavity zero-background quartz holder,
and the data were collected from & 75 26 in step-scan mode
using steps of 0.02 The nitrogen BET surface area was measured (20) Li, L. Y.; King, D. L. Ind. Eng. Chem. Ref004 43, 4452-4456.
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600 Results and Discussion

500 1. Ag-Hollandite Synthesis and CharacterizationHighly
crystalline Ag-hollandite (Ag-hollandite A) was obtained
using synthesis method A as described in the Experimental
Section, i.e., ion exchange with AgN@t 55°C followed

by calcination at 500C without an intermediate wash of
the dried product to remove excess silver nitrate. Figure 2
shows the XRD pattern of the product, and Figure 3 shows
its TEM images along with the selected area energy
dispersive X-ray spectrum. Table 1 gives the cation composi-
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et The XRD pattern matches very well with that of Ag-
| ! hollandite, Ag.sMngOs6. A certain amount of metallic Ag
1 » S B . 7 also exists in the final product, which comes from the

Figure 2. XRD pattern of Ag-hollandite from method A (Ag-hollandite A).  decomposition of extra AgN§Xuring the high-temperature
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Figure 3. TEM image (top) and a typical EDS spectrum (bottom) of Ag-hollandite from method A (Ag-hollandite A).
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Figure 4. XRD pattern of Ag-hollandite washed wi2 M HNO:s. Figure 5. Top: XRD pattern of cryptomelane ion-exchanged in 1 M
AgNOs; at 55°C, washed to remove excess Aghl@nd calcined at 500
Table 1. Cation Molar Composition of Cryptomelane and °C. Bottom: XRD pattern of cryptomelane ion-exchanged iM AgNO3;
Ag-Hollandite at 55°C, washed to remove excess Aghl@nd dried at 110C, with no
sample K% AgY% Mn% final calcination.
cryptomelane 7.25 0 92.75
Ag-hollandite A 3.95 21.38 74.67 30
water-washed Ag-hollandite A 3.72 19.01 77.26
acid-washed Ag-hollandite A 3.03 8.07 88.89 300
Ag-hollandite B 1.52 21.22 77.26

250
calcination. These Ag particles are so large that they are gm
visible to the naked eye. The crystal size of Ag-hollandite §
is much smaller. The crystals are needlelik&0 nm width E1s0

and 106-200 nm long. This morphology is quite similar to 100
that of the cryptomelane starting material, except that the “ J W\*
Ag-hollandite crystals are shorter. The EDS spectrum and /

ICP analysis both show that there is still a small amount of ~ °
K* in the crystal structure, which indicates the ion exchange

T7-1987> Agl.BMnBO16 - Sliver manganate(Major)

process is not complete. This also indicates that the Ag- 93-0034> Ag - Sliver(Major)
| |
hollandite crystal structure can accommodate a §ma|| amognt m % = " = = %
of K*. The BET surface area of the as-synthesized material 2Theta(}
is 35 nt/g, consistent with the small crystallite size. Figure 6. XRD pattern of Ag-hollandite from method B (Ag-hollandite

In an attempt to remove the metallic silver component, B):

the Ag-hollandite A product was treated wwi2 M HNGO; h qf he final q |
solution. The silver phase can be removed, but a fraction of PNaS€ Was removed irom the final product, cryptomelane

the original product is converted to*thollandite (Figure remains as the primary phase. Th?s sugg_es_ts that, _despite the
4). ICP results clearly show that the amount of silver in this exch_ange procedure, there remains su.ff|C|ehtt¢_£d|c_tate
sample is much less than that in the original Ag-hollandite the final structure. It appears that the final calcination step
A. This indicates that the Agcations inside the tunnel does not change the ;tructure of the prgduct from crypto-
structure of Ag-hollandite can be easily removed and melane to Ag-hollandite unless there is excess AgNO

replaced by H cations, and the Ag-hollandite structure can present.
easily convert to the H-hollandite structure. Liké Kations In synthesis method A described above, the calcination
in cryptomelane, H cations in H-hollandite are also located Procedure was to heat in air from 25 to 5@at 10°C/min
in the center of the cubic cage formed by four MnO and then maintain the temperature at 3Q0for 2 h. Under
octahedra. Thus, we were unsuccessful in using an acid wastthis procedure, the extra AgNQirst melts (at~212 °C)
to purify the Ag-hollandite A of excess metallic silver. and then decomposes (@844 °C) to Ag. It appears likely

In another attempt to remove the extra silver phase from that the formation of the high-crystallinity Ag-hollandite
Ag-hollandite A, the silver cation-exchanged cryptomelane structure occurs from 212 to 444 in the AgNQ melt.
was washed with deionized water followed by a final Consistent with this, an alternate method for Ag-hollandite
calcination at 500C. The XRD pattern of this sample shows Synthesis, method B, i.e., cryptomelane ion-exchanged in
a predominance of cryptomelane. This result is quite similar AGNOs melt at 250°C, was developed.
to that obtained from the intermediate product Ag-hollandite  Figure 6 shows the XRD pattern of Ag-hollandite from
from method A, i.e., cryptomelane ion exchanged in 1 M method B (Ag-hollandite B). Figure 7 shows the TEM image
AgNO; at 55°C, washed with deionized water to remove along with the EDS spectrum, and Figure 8 shows the XPS
excess AgN@ and dried at 120°C in air without a spectrum of Ag in Ag-hollandite B. The chemical composi-
subsequent 500C calcination (Figure 5). When the silver tion of Ag-hollandite B is given in Table 1. All these
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Figure 7. TEM image and selected area EDS spectrum of Ag-hollandite from method B. Small Ag particles are found on the Ag-hollandite surface (spot
B EDS). Note that the EDS signal ratio of Ag/Mn in spot A (Ag-hollandite crystal without Ag metal phase) is larger than that in Figure 3, indicating the
Ag concentration in this new Ag-hollandite is higher than that in the previous sample.

characterizations indicate that a much purer, well-crystallized the same as that of starting cryptomelane material; (3) some
Ag-hollandite can be synthesized via method B. Compared very small silver particles<5 nm diameter) were found

to the Ag-hollandite from method A, Ag-hollandite from coated on the Ag-hollandite surface, which was not seen on
method B has some different properties: (1) the XRD pattern the Ag-hollandite A sample; (4) the *Kconcentration is
shows only a barely noticeable amount of Ag; (2) the crystal significantly lower, which indicates the ion exchange between
size is slightly larger than that from method A and almost Ag and K cations is much more complete. A small amount
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by oxidizing SQ to SG; and forming MnSQ. However, at
low temperature, its SQrapacity is greatly reduced. Since
Ag-hollandite shows much higher reactivity in reductive
gases at low temperature, it should be a better low-
temperature SPabsorbent than cryptomelane. Figure 10
shows the S@ absorption curve for Ag-hollandite from
method B and Table 2 compares its low-temperaturg SO

absorption performance with other absorbents tested. Com-
pared to cryptomelane, Ag-hollandite shows much higher
SO, capacity at low temperatures. Ag-hollandite from method
B has SQ breakthrough capacity of 8.75 wt % at 130
and 26.8 wt % at 200C. Ag-hollandite from method A also
shows much higher low-temperature S&@apacity (28 wt %
at 250) than that of cryptomelane, but less than that of Ag-
Figure 8. XPS of Ag-hollandite from synthesis method B (Ag-hollandite hpllandlte B Further work is required to explain the
B). Two oxidation states of Ag (Agnd Agh) coexist in this Ag-hollandite. differences in performance between the two samples. The
Since XPS is a surface analysis technique (approximately several nanometerpoor low-temperature performance of sample A that had
;ﬂgiﬂtlz)htgteeg;? of these two states from XPS does not represent that OngNQ3 remqved prior to ca_lcination (see Tgble_ 2) is
consistent with the low fraction of Ag-hollandite in the

of Ag particles were also found in a Ag-hollandite sample absorbent sample. Following $@bsorption by Ag-hollan-
synthesized in AgN@melt at 210°C. It appears that Ag-  dite, XRD indicates that MnS0s produced along with Ag
hollandite free of trace Ag metal impurity cannot be obtained SQ:. To our knowledge, Ag-hollandite is the best low-
using the methods reported in this paper. temperature S£absorbent that has been identified. Combined

Like cryptomelane, the Ag-hollandite is quite stable under With cryptomelane, a high-capacity $@ap that is active
oxidation conditions. When heated in air, its structure remains @t both low temperatures-(L50 °C) and high temperatures
unchanged up to 708C. However, under reducing condi- (~550°C) can be developed.
tions, it demonstrates high reactivity and lower thermal 3. Low-Temperature CO Oxidation by Ag-Hollandite.
stability. Figure 9 provides the TPR traces of cryptomelane Ag-hollandite shows significant activity for low-temperature
and Ag-hollandite B generated with 10%; kth Ar. Ag- CO oxidation. Figure 11 shows CO conversion to,/GO a
hollandite from method A gives a TPR trace similar to that function of temperature at a GHSV of 30000*thThe feed
of Ag-hollandite B. H reacts with Ag-hollandite as low as gas composition is 230 ppm NO, 500 ppm CO, 378 ppm
100°C, whereas cryptomelane reacts withadthove 250C. CsHe, 15% Q, balance M. The data were obtained after 1
The products of reaction are MnO and elemental silver (in h of reaction at each temperature with the same sample. For
the case of silver hollandite). This unique property of Ag- comparison, data from cryptomelane are also provided in
hollandite is related to its facility in catalyzing certain low- Figure 11. Under the test conditions, Ag-hollandite B
temperature oxidation reactions. oxidizes more than 80% CO to GGt 100 °C, whereas

2. Low-Temperature SO, Absorption by Ag-Hollandite. cryptomelane oxidizes less than 2% CO under the same
Previously, we reported that cryptomelane is an excellent conditions. This result is consistent with earlier work by Xia
SO, absorbent for diesel engine emission conttoht 325 et al? using Ag-doped cryptomelane (partially crystallized
°C and 8000 h' GHSV, it absorbs more than 70 wt % 8O  Ag-hollandite). The effect of SQabsorption on Ag-hollan-

378 376 374 372 370 368 366 364
Binding Energy (eV)

30

—e— cryptomelane

- - - Ag-hollandite B

N
(3]

N
o

TCD signal for H, consumption
- -
o [,

(3}

0 >~ -
0 50 100 150 200 250 300 350 400 450
Temperature, °C

Figure 9. TPR results of cryptomelane (right) and Ag-hollandite B (left). TPR conditions: 40 sccm 10 At, 10 °C/min from 25 to 600°C.
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Figure 10. SO, absorption on Ag-hollandite B at different temperatures. Feed gas: 10 pprm®, 60000 h! GHSV. After SQ breakthrough at low
temperature, the same absorbent was tested at a higher temperature. Breakthrough capacity. @0flg/absorbent) is defined as the point where, SO
out exceeded 100 ppb.

Table 2. SO Breakthrough Capacity of Ag-Hollandites and Other conversion is limited by the thermodynamics of the reaction
Absorbents:® NO + 1, O, ~ NO,. Ag-hollandite also exhibits some
absorbent 156C 200°C 250°C  325°C capability for de-NQ catalysis (conversion of NQo N, in
cryptomelane 1.54 160 290 63.85 the presence of reductants). Under the conditions of the test,
ﬁgiﬂglliﬂgﬁif\ g_;g 256_'%1 gg_.fz :?f_g @ total NQy in the feed decreases by 15% at 2%D (Figure
water-washed Ag-hollandite A~ 1.71 171 4.12 12 de-NQ curves). For comparison, NO conversion and de-

aFeed: 10 ppm SOin air unless specified: GHSV: 60 K NOx properties of cryptomelane were also measured and are
b Breakthrough capacity (108 g SQy/g/absorbent): defined as the point ~ Provided in Figure 12. Cryptomelane is also a good catalyst
where SQ out exceeded 100 przﬁFeed gas: 10 ppm SE230 ppm NO, for NO oxidation, although not as good as Ag-hollandite.
500 ppm CO, 378 ppm s, 15% O, balance M, GHSV: 60 K hL. However, cryptomelane does not show much de-NO activity,

dite and cryptomelane oxidation capability is also different. implicating the role of silver in the reaction.

With 8 ppm SQ in the feed, CO conversion over crypto- The presence of Ag metal in both Ag-hollandite A and B
melane at 200C decreases from 100% to 60% over 15 h, makes it difficult to assign the oxidation activity toward CO
whereas over the same period of time and with the sameand NO exclusively to the Ag-hollandite phase since metallic
SO, concentration in the feed, conversion of CO over Ag- silver is a well-known oxidation cataly3t.The reported CO
hollandite B at 150°C remained unchanged at 100%. This oxidation activity of nanocrystalline Ag supported on me-
difference is a result of the lower oxidation capacity of soporous silic&® under reaction conditions similar to those
cryptomelane at low temperatures. Despite having more employed in our experiments, is insufficient to explain the
oxidation equivalents potentially available (as shown at activity observed with our materials, indicating that the silver
higher temperatures), the rapid loss of the CO oxidation hollandite phase must provide some if not all of the oxidation
capacity of cryptomelane at 20@C when SQ is simulta- activity. On the other hand, the difference in performance
neously being absorbed suggests that both&@lation and between the A and B hollandite samples at low temperature
CO oxidation occur over the same sites. Consistent with this, could be due in part to the differences in Ag concentration
fully SO,-saturated Ag-hollandite does not have any CO and Ag particle size (i.e., metal surface area) for the two
oxidation activity. The low-temperature CO oxidation activity samples. It is most likely that both the Ag-hollandite and
of Ag-hollandite compares favorably with noble metal-free, metallic Ag play a role in the low-temperature oxidation
low-temperature CO oxidation cataly3ts. activity of the sample.

4. NO Oxidation by Ag-Hollandite. Ag-hollandite is also We observed no significant structural change in the silver
an active NO oxidation catalyst. Figure 12 shows its hollandite samples after the CO and NO oxidation reactions
performance in oxidizing NO to Nfat different tempera-
tures. The feed gas composition is 500 ppm NO, 300 PPM 51y ;| v .. king, D. L. Ind. Eng. Chem. Re€005 44, 168177,
CO,8.1% Q, 1.7% HO, 7.2% CQ, balance M. The GHSV (22) zZheng, X. C.; Wang, S. P.; Wang, S. R.; Zhang, S. M.; Huang, W.

i hi Th wer in r min of r ion P.; Wu, S. H.Catal. Commun2004 5, 729-732.

530000 e data were obta .ed after 30 . 0 . e.aCt 0 (23) Muncrief, R. L.; Khanna, P.; Kabin, K. S.; Harold, M.®@atal. Today
at each temperature. At 23, silver hollandite oxidizes 2004 98, 393-402.

more than 85% NO to N®which compares favorably with ~ (24) SZUQ lzl;leP_-;llggeng, M. J.; Huang, W. X.; Bao, X. 8.Catal. 2005

the_ pe_rformance of a conventional noble-metal-loaded NO (25) Liu, J-H.; Wang, A.-Q.; Chi, Y.-S.: Lin, H.-P. Mou, C.-¥. Phys.
oxidation catalyst (0.5 wt % Pt/AD3).? Above 288°C, the Chem B Lett2005 109, 40-43.
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15% O, balance M. GHSV: 30000 h'. Data were collected aftel h of reaction at each tested condition.
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Figure 12. NO oxidation and de-N©Oproperties of Ag-hollandite A and cryptomelane. Feed gas: 500 ppm NO, 300 ppm CO, 8,1%% HO, 7.2%
CO;, balance M. GHSV: 30000 h'. Data were collected after 30 min at each tested condition.

so that this material must be a catalyst for these reactionsand to achieve the structural conversion of cryptomelane to
rather than a stoichiometric oxidant. This is demonstrated silver hollandite. Once formed, excess silver nitrate can be
in Table 2, which shows that Ag-hollandite A had 36 wt % removed by washing. Compared to the previously described
SG, capacity at 323C when the exhaust gas contained CO, high-temperature solid-state syntheses process, this process
CsHe, and NO, compared with 43.3% $©apacity in the  is simple and the product has much smaller crystal size and
absence of those reductants. If CO, NO, gHEwere able  much higher surface area. Ag-hollandite synthesized using
to reduce Ag-hollandite stoichiometrically, the S@pacity  this new process is an excellent low-temperature, SO

would have been significantly decreased. absorbent, as well as a highly active catalyst for CO and
. NO oxidation. With CG-NO mixtures, silver hollandite also
Conclusions shows evidence of lean N@atalytic activity, i.e., partial

. . . i f NQto N..
High-crystallinity Ag-hollandite was successfully synthe- conversion of NQto N,

sized by post ion exchange of cryptomelane in an AgNO
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