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Photocatalytic Production of Hydrogen from Water

and Texas Lignite usimg » Platinized Titania Catalyst

Shinrs Sato and John M. White®
Departuent of Chemistry
Caiversity of Texas

Austin, Texss 78712

Abstract

Using a physical mixture of powdered Texas lignite and
platinfized titania in the presence of water vapor and ultra-
viclet light, we show that a catalytic reaction occurs at 23°C
to form hydrogen and carbon dioxide. These results are contrssted
with a recent electrochemical conversion process.
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1. Introductfon.

The conversion of sclar energy into chesical emergy fs a
topic of considersble current interest particularly as fthas an fmpact
on fuel production and conversion utilizing readily available
rav materisls. Considerable work has been done oa the photo-
driven decomposition of water snd the notsble success of photo-
electrochenmical cells in achieving this end has recently been
reviewed (Msruska and Chosh, 1978). We have recently qnvownos a
photocatalytic system, illusinasted platinized titania, which
functions at 23°C and w: the absence of external potestials,
as an ordinary heterogenesous catalyst for the reactions of gaseous
water with hydrocarbons, active carbon and carbon momnoxide (Sato

and White, 1980 a,b).A sioilar systew, using gas or liquid phase vater,

-=On\ﬂnon. and light, has also been reported (Kawai and m-r-m..

1979a,b). These results extend the interesting work on liquid phase
photocatalytic reactions that has been revieved (Bard, 1979).

For exasmple, using platinized titania, 1liquid phase acetic acid

can be converted to methane (Kraeutler and Bard, 197fa). A general
reviev of heterogeneocus photocatalysis has also appeared recently
(Pormenti and Teichaer, 1979).

As compared to photoelectrochemical systems, heterogeneous
catalyst systeas do offer several adventages: (1) they are geaerally
simpler to construct and are less expensive, (2) a vider vartety
of materisls in different forms cam be used, (3) because of diffuse
light scattering by powders, more efficient light utilization canm

be schieved, (4) the reactsuts cam be is the gas, liquid or solid
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and (3) s vider ronge of temperatures ares feasible when using Experimentsl

vr.
i £ MCB treat for 6 hr at
gas and/or solid phase reactants. Because of these advantages, T10, A-wnno-nv was obtained from MCB, pretreated fo
700°C 1n flowing Hj, cooled in hydrogen and stored in a sample viasl.
i heterogensous photocatalytic systems deserve attention as potential ‘
W tcal ters Samples of this material were platinfized (2 wt. 2 Pt) by the photolysis
solacr~to~-chemical energy converters.
Such systess would be helpful in nsm utilization of lignites. at 55°C of a hexachloroplatinic acid solution contsining suspended
Many processes have been and are uader study. For example, sn Ti0, powder (Kraeutler and Bard, 1978b), After photolysis the
intevesting electrochesical process vhich coanverts coal and vater sasple vas vashed with distilled vater until C1” could mot be
iato hydrogen and carbdon oxides, mainly n°~ has recently been detected. It was then dried in a gn-»no-nww uatil used. The BET
2__-1
reported (Coughlin and Farooque, 1979). This system operates at surface area, determined using Ny, vas 11 a“ge ".

electrical potentials siganificantly lover than the thermodynsmic Texas 1ignita, containing 64% C, 17X 0, ST H, 1X M, 0.1% S

s

: potential of vater electrolysis decause the oxidacion of carbon and swall amounts of metals, (Edgar, 1979) vas ground in a morcar

is claimed. Moreover, they found that ligni*e and char are wore (estimaced average particle size <100 Um) and physicelly mixed (20

casily oxidized snodically than psrent coals. We report here wt.X) with the catalyst. 4 0.25 gm ssmple of this mixture vas

g another process produciamg hydrogan and cardon dioxide from lignite spread uniforaly ou the bottos flat windov of s quartz reactfos

M. and water vapor s which light, but no electrical pover, is used. cell and connected into an evacuable, closed circulation systen
3

B o L ataek Sacatn s S

. (180 nluV. This assembly was linked to a mass spectrometer for

product anslysis. Distilled wvacer, outgassed several times at

o e

dry 1ce tewperature vas stored ia a tube on the vacuum line.
After outgassing the sample for 3 hrs. at ~ceon. it was cooled
. to nuen snd approximately 24 torr of vater was sdded. This systea
v was {lluminated wvith a 200w high pressure mercury arc that
was filtered tkrough a NiSO, solution to resove most of the infrared

l1ight. Small aliquots of the g8 phase vere taken at variows

ge through a cold trap (adout n»neoo~ to remeve

i

|

i times and, after pa
water, were analyzed with the mass spectrometer.

1




T11. Resylts.
Figure 1 shows a typical time evolution ot prodicts. The

rate of hydrogen production over the first twenty minutes is about
-1
-1

2 x ~°|~ tory mfion but this drops to & nearly constent vslue of

9 =x ~ovu torr mia over the subsequent eighty minutes. The other
major product was CO, and ovei the timwe interval 20-100 win, the
ratio =~\no~ drops slovly from 2.735 to 2.55. Minor amounts of Ou

-3 torr and vnnrn

and CH, vere also found; after 100 min, vo»n 10
6 x wouw torr. No other products were detected, in particular unn
was not produced fros sulfur fmpurities in the ligunite. The hydro-
gen formation rate and its time dependence compaves favorably with

that observed im the sctive carbon reaction. TFor exsaple, at 100
-3

torr mia”l

nin. the H, rate ia the active carbon reaction is 7 x 10
Hosever, no oxygen vas detected and the n»\no ratio was very nearly

2 in the latter (Sato and White, 1980). Here the ratio is greater
than tvo probably because hydrogen in the lignite 1s partly con-
verted to :N.

Significantly, the catalyst only slowly lost its activity
during repeated runs iavolving system evacuation folloved by restor-
atfon of the water pressure. Ivrradiation of vn\upOu ia the absence of
1igaite produced liwited asmounts of -nanonn torr) over extended
periods. Thie was accompanied by even smaller amounts of no~ bdut
a0 oxygen was observed. These products are thought to arise from
the oxidation of residusl carbom on the catalyst. 1t 1s also of
interest to consider vhether the observed -N could arise from the
non-catalytic reaction of surface hydroxyl groups present on the
nne~. According to the litersture (Boonstra amnd Mutsaers, 1975) the
aunber of OB groups on both anatase snd rutile declines with

incressing outgassing tempersture. Based.on their resulte, ve

estisate a surface hydroxide concentratios of less than 2 x popo ln».

S s
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I1f all these were converted to hydrogea then ve would expect to
produce less than 0.5 torr of Hy. Figure 1 shovs that 1.2 torr
of hydrogen is produced im 110 min with no evidence of a rapidly m
declining rate. MNoreover, eight hours of production time (see belew
involved in Fig. 2 and the rate is never less than 0.75 x —aon

torr lnﬂl». The total :n production over this period 1s thus
greater than 3.6 torr. From these results we conclude that surface

hydroxide initially present on these n~o~ samples can mot sccount

for the observed smounts of hydrogen.

Figure 2 shows the m~ formation rate and the o~ pressure as
a function of reaction time for six consecutive experisments »aco—«—ln,
the same catalysc/lignite sample, Betveen each experiment, the :
system vas evecuated, treated in some way and the water pressure
restored. Prior to experiments (1) and (4) the sample vas treasted
by outgassing for 3 hr at uooon. Prior to the other fou: experi-
ments the sample was outgassed at ~uen for 10 min. The dotted line
in Fig. 2 connects the initisl rates for the six experiments and
shows that the activity declines with use and is not felly rescti-
vated by outgassing at either 23 or 200°c. During the course of
a single run the sccivicy drope nnt»sun.cqua the first nrounn
minutes and then declines much wore slowly {as in Fig. 1). This
trend is followed in each of the six experiments. After one hour
into experimeat 5, the tempersture vas raised from 23 to 60°C.
This gave no increase in rete over a time interval of 30 mim.

In the. lover part of Fig. 2, the ou pressute as a function of

time i# shown for each experimeat. In geaeral these results show

(1) that the oxygen sccumulation rate incresses vith the mnumber
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of experiments that favolve outgassing at uuon. (2) that outgassing
at 200°C reduces the subsequent oxygen production rate, (3) that
oxvgen accumulation is lisited and in some cases goes through a
naxisys and (4) that increasing the temperature accelerates the

rate of oxygea vemoval.

e ats

- - e e o ——

IV, Discussion.

The data shown in Tigs. 1 and 2 clearly demonstrate the photo-
catalytic reaction of water and lignite to produce hydrogen and
carbon dioxide. The thermodynamics of this process are aot kaown
since the lignite ie not well-characterized chemically. Based o8
the thermodynamics of solid carbon, ethane, ethylene and other m
snall C,H molecules we expect ac®>0. Thus, through the use of ;
light we have successfully driven this thermally uphill reaction
and have done 80 in a n-muuun-n sense.

The quantum efficiency, although it could be improved vith a

different cell desiga, 1s not high.

10Y? photons sec”!

Assuming an upper 1limic of

irradiate the catalyst, based on HI gctino-

metry and thermopile messurements (White, 1966) then the :u production

rate of 9 x 10-3 torr min~! corresponds to & quantum yeild of 0.01. The
energy efficiency, that is the net increase in energy stored per usit
of light energy faput, {s estimared as 0.0003 assuaing con-

servatively that the free energy {acrease per mols of In formed

1s 10 kJ wole~l, This calculation 1is based on the conversion

of olefinic material (Sato and White, 1980).

The results reported here can be compared qualitatively with
electrochemical conversions (Coughlia and Farooque, 1979). These
authors observed & gradusl decrease of the reactiom rate ia their
coal-vater process vhich they ascribed to the accumulation of
surface functional groups, such as carboxyl groups, ou coal. They
also found that the initiel high enodic curreat could be regained

1f cthe coal was removed from the electrolyte (after the current

had decreased to low value), heated to about »eeon. and thea returaned




to the system. la our process, hovever, aa outgassing treatment

of the sample at 200%C had no effect on the reaction rate (see

Rua 4 1a Fig. 2). The temperature dependence of the :n production
433 also slight ss seen from the last part of Run 5 in Fig. 2. The

apparent activation emergy fian the ¢lectrochemical experisents wvas

40-48 kJ nepoop and that in the -:o~\4—0n system vas also significant

(Rawal and Sakata, 1979). In a separate experiment ve outgassed a
sample at ooon and then measured the resction rate at 60°C. The
rate was somewhat less than observed at 23%C.

The o~ data are very interesting because they indicate that
the Pt is covered by some species which iahibite (p: isons) the
reaction of 0, and sn on Pt. In the absence of poisoning the back
reaction with oxygen is far faster thaa tue ou formstion rate (8aco
and White, 1979a). These results are distianct from those on active
carbon (Sato,and White, 1979b) where no 0, vas observed. Perhaps
sulfur accumulates at Pt as the reaction proceeds and allove the
accuaulation of oxygen. Meating to 200°C may cause the migration
or desorption of this sullfur-containiag species sand subsequently the
clean PCt serves to suppress on formation.

The mechanism of the reaction cen not be established from the
data reported here. However, our other work (Sato and Whice, 1979)
makes it clear that band gap radistion is involved so we conclude,
as expected, that the incident photons activate the catalyst by
foraing electron-hole pairs nesr the surface. Due to band bending,
the hole will etay st (or migrate to) the surface while the electron
will sove avay from the surface and eventually arrive at a nefighboring

Pt parcicle.One possible product formation mechanism involves the {nter-

action of wagter with holes at q-o~ sites to form O(a) and/or OHia) wigl

concomitant formation of W vhich moves to & neighboring Pt site
where it picks up &n electron and is recombined to fors H3. The
active oxygen species are used to oxidize carbon which is inm

contect with the catalyst; the products expected asre no~ and #,0.

2
A mechanism involving desorbed gas phase on reacting with
lignite can be ruled out because no~ vnos=mn»o= vag very slov in
systems vhere the catalyst/lignite mixture was illuminated in
the presence of on. An additional comment on the mechanisam can
be made on the basis of the following experiment. The addition
of 0.3 torr of —uno to the catalyst/lignite/water system reduced
the rate of Hy production by about a factor of 2 and the vatec-gas
shift reaction took place at -vocn.nen of the rate of B, productios.
This result indicates an inhibitory effect of CO probably because
Hy recombination on Pt is retarded by adsorbed CO. During cthis
experiment there vas no significant dilucion of -une vith —nnc
(i.e. insignificant isotope exchange) and no en vas formed.
The relatively rapid decrease of the =~ production rate at
the beginaing of a reaction is not understood. Perhaps as -n
accumulates, back reactions with oxygen species forsed on 110,
become relatively more important. Other possibilities include
inhibitory effects of traces of CO formed 1in the reaction or the
loss of excellent contact between ligaite and catalyst particles.
Interestingly, the Hy formation does iucrease with the 1igaite/

catalyst retio; a 20% increase ves noted when the veight ratio was

doubled from 0.1 to 0.2. This observation poiats to the resl
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possibility of substantially improviang the efficlency. Because

of its importance as s fuel, the formation of CH, (6 x ponu torr

at 100 wia, Fig. 1) is of interest in spite of the fact that the
yileld is small. Repeated experiments, as in Pig. 2, vere charac-
terized by a rapid decrease in the rate of n:u production. xoroo<on.

these rates vere not 8ffected by the addition of CO_ (55 torr) to

2
the system thus eliminating the possibilicy that nsa arises from
hydrogenation of nou. One possible mechanism involves the contact
of ligaite particles vith Pt sites where hydrogenation can occur.
If this conjecture has any merit, then the rvate of n:a formation

could be improved by wodifying the catalyst-lignite contact.

s By e el sy s e et SmEey

The results of these experiments demonstrate that lignite
coal and gas phase water can be catalytically converted to non
and =N over s 1n\nno~ catalyst illuminated with band-gap light.
Significantly, the reaction occurs readily at 23°. 7The quantus
efficiency 1e only about 0.C1 but can be significsatly improved
through the use of a different reactor design and through changes
in the lignite/cstalyst ratio.

The success of these experiments, coupled with the electro-
chemical results (Coughlin and Farooque, 1979) which demonstrate
hydrogen production rates st oxidation potentials well below
oue volt, suggests that asrrover band gap semiconductors that are
doped with transition metals offer some promise as catalysts for
the gasification of n»t:»nn. Hopefully, by using gaseous water
some of the semiconductor decosposition and oxidation probleas

encountered in photoelectrochemical cells can be avoided.
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