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Heterogeneous Photocatalysis. VIIL.Y Zinc Sulfide Catalyzed Hydrogen
Formation from Water in the Presence of Sodium Formate
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A suspension of n-ZnS in aqueous sodium formate photocatalyzes formation of hydrogen (72%) and
carbon monoxide (27%). The stoichiometry of the hydrogen producing reaction is determined as
HCO2Na+H:0=Hz+HCOsNa. The quantum yield at 290 nm is 0.24 mol Hy/Einstein and its wavelength-
dependence parallels that of the anodic photocurrent measured photoelectrochemically. Reaction rates
increase linearly with increasing light-intensity and do not change when the temperature is increased up to
70°C. No gaseous products are formed when nonaqueous formic acid is employed instead of formate, or when
ZnS is dehydrated at 250 °C before use or when CdS is substituted. for ZnS. When THF or sulfur compounds
are added to the solution, Hs is the only gaseous product. The dependence of the reaction rate on formate
concentration points to a Langmuir-type adsorption of formate onto the semiconductor surface, Kags=26 M~1.
In D:O/HCO2Na the initial rate does not change but the amount of CO increases to 60% and photocorrosion is
much stronger than in HzO; the initial isotopic composition of 85, 10, and 5% changes to 63, 30, and 7% of D,
HD, and Hp, respectively, when 400 mL of gas has been produced. In H>O/DCO:zNa the rate decreases by a
factor of 1.3 and the amount of CO is only 15%; only Hz but no Dz and HD are detectable. The hole scavenger
KSCN does not influence the quantum yield of hydrogen formation while the electron scavenger NaNOs

[Vol. 63, No. 8

induces a strong decrease and completely inhibits CO formation.
scavenges in addition to conduction band electrons also an intermediate CO2~ radical.

identified by spin-trapping éxperiments.

Sodium formate and formic acid have been
employed as reducing agents for hydrogen production
from water in photoelectrochemical cells containing
photoanodes like zinc oxide’? and cadmium sulfide.3-5
In addition, suspensions of semiconductor powders
like titanium dioxide,® platinized® and non-
platinized cadmium sulfide (CdS/Pt),” and colloidal
zinc sulfide® were recently used as photocatalysts. In
this colloidal system as with unmodified CdS only
carbon dioxide was reported as oxidation product
while CdS/Pt induces also formation of carbon mon-
oxide. In most cases the amount of hydrogen pro-
duced was small, no complete material balance was
established and the mechanistic information is rather
scarce. In the following we report on the ability of n-
type zinc sulfide powder to photocatalyze the reduc-
tion of water in the presence of sodium formate on a
preparative scale. The mechanism of the reaction is
studied by establishing a complete material balance
and by investigating the effects of temperature, light
intensity, pH-value, formate concentration, deuter-
ated substrates, and electron and hole scavengers on
the reaction rate and product composition.

Results

Characterization of the Photocatalyst. Zinc sulfide
was prepared from zinc sulfate and thiourea?® in alka-
line medium. The compound has to be stored under
argon since otherwise zinc oxide which inhibits the
photocatalytic activity, is produced upon standing at
room temperature. When the precipitation of the sul-
fide is performed in neutral solution, the obtained
powder is three times less active and photocorrodes

Stern-Volmer analysis indicates that nitrate
The latter has been

much faster. The bulk ratio Zn:S of this sample
determined by elemental analysis is 1:1 while it is
1:0.86 for the material obtained from the alkaline
solution which has a surface ratio of 1:0.74 as deter-
mined by EDAX-measurements. This latter sulfide
was used in all of the experiments unless otherwise
stated. SEM-micrographs reveal an average particle
diameter of 200 nm; the specilfic surface area as
obtained from BET-measurements is 17 m2g-1. The
surface ratio Zn : S drops to 1:0.47 after several hours
of irradiation in the presence of formate.

Diffuse Reflectance spectra indicate a band-gap of
3.65 eV. The spectrum of a previously irradiated
sample contains a shoulder at 3.2 eV and absorption
extends to 3.0 eV. The shoulder appears also when
small amounts of zinc powder are admixed to nonirra-
diated zinc sulfide. When Co?t , Mn2*, Fe?*, or Ni2t
are present in about 5 mol% during the preparation,
the correspondingly doped samples are inactive. In
the case of Co?* the spectrum contains a shoulder at
3.47 eV.

The “point of zero zeta potential” (“pzzp”’)1® was
determined by differential titration. A maximum is
observed at pH 8+0.2 (Fig. 1).

Photoelectrochemical measurements with a zinc
sulfide-covered platinum electrode afford an anodic
photocurrent. The typical current-voltage curve has
its onset at +0.25 and —0.45 V, and reaches a plateau at
+0.8 and +0.3 V (NHE) in the absence and presence of
formate, respectively. In the latter case the saturation
current is 1.3 times larger than in the former. The
wavelength dependence of this photocurrent is shown
in Fig. 2a. It parallels the quantum yield of hydro-
gen formation, ®(Hz), obtained from irradiation of a
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Fig. 1. Differential potentiometric titration of ZnS;

see Experimental Section.
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Fig. 2. Wavelength dependence of a) anodic photo-
current of a ZnS covered platinum electrode (0.5 V
vs. NHE), 0.1 M K2SOq4 and 0.015 M HCO:zNa; b)
quantum yield of hydrogen formation (mol Hy/
Einstein), 8.5 mg (0.09 mmol) of ZnS suspended in 4
mL of 1.84 M aqueous HCO:zNa.

zinc sulfide suspension in the presence of sodium
formate. A maximum value of 0.241+0.02 mol Hy/
Einstein is measured at 290 nm. At this wavelength a
slight and almost linear increase to 0.25, 0.26, 0.27,
0.28, 0.30, and 0.31 (£0.02) occurs upon decreasing the
light intensity to 78, 61, 45, 32, 20, and 12% of its
original value, respectively. No gas evolution is
observed when zinc sulfide is replaced by cadmium
sulfide prepared analogously.

Photochemical Hydrogen Evolution. Polychro-
matic irradiation (4=248 nm) of a suspension of zinc
sulfide in aqueous sodium formate results in a cata-
lytic gas evolution (Fig. 3) which levels off after one
day but continues with a constant rate up to 2—3 days
when the photocatalyst is either platinized or prepared
in situ from [Zn(mnt):][NBus],, mnt?~=maleo-
nitriledithiolate.!) The same rate is measured at 70 °C.
A linear increase of the rate occurs when the relative
intensity of the exciting light (A=290 nm) is increased
from 10 to 90%. Negligible amounts of gas are pro-
duced when zinc sulfide is omitted in these experi-
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Fig. 3. Gas evolution as function of irradiation
time; 40 mg (0.41 mmol) of ZnS suspended in 100
mL of 1.17 M HCO2Na, 12248 nm; a) untreated
ZnS, b) platinized ZnS or ZnS prepared in situ from
[Zn(mnt)z](NBua)z.

ments. Depending on the reaction conditions, turn-
over rates are about 3000 monolayers HCO2Na/h.12
After irradiating 20 mg of ZnS suspended in 0.245 M
HCO:Na (1 M=1 moldm-3) for 50 min, the gas
evolved contains 72% Hg, 27% CO, 0% CO2, and 1%
unidentified products. The results of a complete
material balance for the gas and liquid phase are
summarized in Fig. 4. From these data it follows that
the ratio of carbonate to hydrogen as well as that of
carbonate to formate consumed is 1 :1, when the latter
is corrected for the amounts of CO and oxalate pro-
duced. Thus, the stoichiometry of the hydrogen pro-
ducing reaction is given by Eq. 1.

HCO:Na + Hz0 22 Hz + HCOsNa. )

Depending on the formate concentration the initial
pH value of 8—9 is increased to 10—11 after irradiat-
ing for several hours. When the solution is brought
first to pH 4 by addition of HCI, the pH value
increases steadily and reaches a plateau at pH 10.6
after 20 min reaction time; the rate has not changed
but 19% of carbon dioxide are now present in the gas
phase. When an aqueous formic acid solution of the
same concentration is used instead of formate, the rate
becomes three times slower and the composition of the
gas phase after evolution of 80 mL gas is changed to
76% COs2. 15% Hg, 8% CO, and 1% CHg; the aqueous
phase contains now 2 mmol of formaldehyde. No
gaseous products are produced when zinc sulfide is
irradiated in the presence of concentrated, nonaque-
ous formic acid.

Only fully hydrated zinc sulfide photocatalyzes the
reaction as demonstrated by the results summarized in
Fig. 5. Dehydration in vacuo at temperatures from
RT to 250 °C leads to increasing induction times and
finally to an inactive zinc sulfide. DTA- and DTG-
experiments for the same temperature range indicate
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Fig. 4. Concentration changes of educt and products
observed upon irradiation of 20 mg (0.2 mmol) of ZnS
suspended in 120 mL of 0.245 M HCO2zNa; 1=248 nm; note
the different concentration range for oxalate.
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Fig. 5. Influence of dehydration conditions of ZnS

on induction time and reaction rate of the gas
evolution; 1—4 correspond to curves obtained with
photocatalysts which were dried at 0.1 Torr for 8 h
at the temperatures indicated; 30 mg (0.31 mmol) of
ZnS suspended in 100 mL of 0.33 M HCO:2Na,
A=248 nm.

that the largest weight loss occurs endothermically at
50—150 °C followed by a smaller, now exothermic one
at 150—300°C.

The relative amount of carbon monoxide increases
on the expense of hydrogen from 13 to 50% when the
formate concentration is increased from 0.04 to 0.73
M. At a fixed concentration the relative CO content
has a similar wavelength dependence as the anodic
photocurrent (Fig. 2, see Experimental). Addition of
THF or Nagmnt induces a partial or almost complete
suppression of CO. When zinc sulfide is generated
from [Zn(mnt)2][NBu4Jz, no CO is produced at all.

Influence of Formate and Zinc Sulfide Concentra-
tions. At a given formate concentration maximum
rates are obtained when all the incoming light is
absorbed by the suspended catalyst powder. In the
case of the experimental conditions given in Fig. 6a,

ZnS [mmol], HCO5~ [mmol/L]

Fig. 6. Gas evolution rate measured at t=90 s; a) as
function of amount of ZnS present in 22 mL of 0.33
M HCO:zNa; b) as function of formate concentra-
tion, 15 mg (0.15 mmol) of ZnS suspended in 22 mL
of water; 2=254 nm.

this occurs at about 15 mmol of ZnS suspended in 22
mL of aqueous formate.

At a given amount of photocatalyst the rate
increases first sharply when the formate concentration
is raised to about 0.015 M (Fig. 6b); thereafter a much
slower acceleration occurs up to a concentration of 3
M. When these data are treated as a Langmuir iso-
therm!3) a plot of the reciprocal rate as function of
reciprocal concentration affords a straight line from
which an adsorption equilibrium constant of K=26
L-M-1is obtained.

Higher formate concentrations induce a decrease of
photocorrosion which may be estimated by the ratio
Tyey/ Tiay; iy 1s the rate measured in the first irradiation
experiment, 7, the one when the powder is filtered off
and used again in a second experiment. The corre-
sponding ratios are 0.05, 0.2, 0.26, 0.4, 0.5, 0.7, 0.8, 0.8,
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and 0.8 at 0.007, 0.02, 0.038, 0.06, 0.075, 0.10, 0.15, 0.25,
and 0.30 M HCO:2Na, respectively. Thus, almost no
photocorrosion occurs when the formate concentra-
tion is above 0.1 M.

Influence of Deuterated Substrates. When D20 is
employed, the initial rate does not change up to 50
min reaction time. But the relative amount of CO
produced at that time increases to 60% as compared to
27% in the case of HzO; in addition, photocorrosion is
much stronger and leads to darkening of zinc sulfide
through the formation of Zn(0) as indicated by the
reduction of MV2* (methylviologen). The corrosion
induces a levelling off in the gas evolution curve much
earlier as compared to the nondeuterated case.

In the system DCO2~/H20 the rate decreases by a
factor of 1.3 and the relative CO content of the evolved
gas is decreased to 15% at 50 min of irradiation time.

The product isotope effect was studied by determin-
ing the differential isotopic composition of the hydro-
gen produced as a function of reaction time. When
D20 is employed, the amount of total hydrogen
increases on expense of CO (Fig. 7A). To obtain the
changes for hydrogen only, the CO-part was sub-
tracted. As can be calculated from the data of Fig. 7,
the relative percentages of Dz, HD, and H2 change
from 85, 10, and 5 to 63, 30, and 7%, respectively, when
400 mL of gas have been produced. This decrease of
the Dz content (Fig. 7B, curve a) is not affected when
Dq is isotopically diluted by addition of 2 mol% of
H30 (curve b). When DCO2Na is used in this latter
system, almost no decrease is observed.

In the system ZnS/H20O/DCO:2Na only Hz and no
HD or D; is detectable even when the concentration of
DCO:Na is as high as 0.72 M.
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Fig. 7. A) —: Differential isotopic composition of
total gas phase, and B) ----: Da-content relative to

total amount of hydrogen gas as function of gas
evolved; 20 mg (0.21 mmol) of ZnS suspended in 100
mL (5.5 mol) of D20, A): 0.44 M HCOzNa, B): a)
0.29 M HCO:Na, b) as in a) but 2 mL (0.11 mol) of
Hz0 were added.
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Effect of Scavengers for Radical, Holes and Elec-
trons. When the system ZnS/H20/HCO2Na is
illuminated in the presence of (4-pyridyl-1-oxide)-1-
N-t-butylnitrone (POBN) an intermediate COz~ radi-
cal is detected through the ESR spectrum of the corres-
ponding spin adduct. No evidence for an adduct of
the OH radical could be found. These findings agree
with the results of Harbour and Hair.14

Addition of dissolved zinc, cadmium, nickel, or
manganese(II) chlorides in amounts slightly above
equimolar with respect to ZnS results in a complete
inhibition of the gas evolution. With sodium nitrate
which scavenges electrons in a diffusion-controlled
process!® (Egs. 2 and 3).

NO3- + e_aq —‘*N032" (2)
NOs?~ +H20—> NOz”+OH+ OH"™ (3)

The quantum yield of hydrogen formation, @°(Hz)=
0.24, decreases linearly with the scavenger concentra-
tion. However, at 0.008 M nitrate a plateau is
observed which persists up to 0.03 M (Fig. 8a).

Thereafter a further decrease of @(Hz) occurs (Fig.
8b) and at a concentration equal to that of formate,
1.84 M, it has dropped to 0.01. The ratios @°(Hz)/
®(Hs) are plotted in Stern-Volmer diagram for both
concentration ranges in Fig. 8. The inhibiting effect
of nitrate is accompanied by a decrease of the CO
content which becomes zero at 0.008 M where @(Hy) is
still 0.12.

To test how hole scavengers influence the hydrogen
formation, KSCN was added to the suspension of zinc
sulfide in 0.033 M HCO2Na. The quantum yield of
0.22 is changed only (@(H2)=0.26) when the thiocya-
nate to formate ratio reaches 2.8: 1. It increases further
to 0.28 when this ratio is 11:1. The product of hole-
scavenging, (SCN)z”, Amax=470 nm could not be
detected spectrophotometrically. No hydrogen is
formed when the system ZnS/KSCN/H:2O is illumi-
nated in the absence of formate.
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Fig. 8. Stern-Volmer plot for the inhibition of hy-
drogen formation by NaNOs; 8.5 mg (0.089 mmol)
of ZnS suspended in 4 mL of 1.83 M HCO:Na
containing different amounts of nitrate; =290 nm.
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Discussion

Hydrogen Formation. From the experiments pres-
ented above, the following mechanism is proposed for
the hydrogen producing reaction (Egs. 1 and 4—09).
For the sake of simplicity, photophysical processes,

H20 +"ZnS &= H20.4 4)
HCOO~ +ZnS == HCOO." (5)

ZnS;h_l’ ZnS(ey™, hy™) (6)
hiy + HCOOw™ — HCOOu (7
(
(

~

HCOOy+ H20. — CO2 + HsOuat +ei™
2 ey-+2 HpOu—>Ha+2 OHaa™
HCOO44 + H20u —> H30uat + COO.4™ (
CO0.~—CO2 (
2 COz™ — G042~ (1
2 COz~+2 HY — CO + CO2+ H:0 (

O oo
= =

adsorption equilibria and the hydration of COz are
omitted unless they are of special importance. This
is the case for the adsorptions of water and formate
(Egs. 4 and 5) as indicated by the influences of ZnS
dehydration and formate concentration on the reac-
tion rate. The long induction times observed when
ZnS is dehydrated at temperatures from RT to 100°C
(Fig. 5) point to a rehydration of the surface during
this initial reaction stage. At temperatures above
100 °C the removal of physisorbed water is accompan-
ied by loss of chemisorbed water resulting in the
formation of ZnO. This is corroborated by ESCA-
spectra exhibiting Ols binding energies of 532.2,
531.6, and 530.4 eV for samples dehydrated at 0.1 Torr
and RT, 150 and 300°C, respectively.’®) Thus, to
observe hydrogen formation the surface of ZnS has to
be covered with physisorbed water, different to TiO2
where the presence of surface OH groups 1is suffi-
cient.'” This finding agrees with the failure of non-
aqueous formic acid to undergo the same reaction.
The adsorption equilibrium of formate (Eq. 5) is
supported by the dependence of the rate on the for-
mate concentration (Fig. 6b). The obtained curve 1s
best rationalized by assuming that it is equivalent to a
Langmuir adsorption isotherm. The corresponding
equilibrium constant, 26 L. mol-!, agrees well with
values measured for the adsorption of other efficient
reducing agents.’® Since the adsorption properties
may depend on the surface charge of the catalyst, the
“pzzp” was measured. It is found at pH 8+0.2 and
indicates a weak acidic surface for the ZnS employed
throughout this study. The linear changes of for-
mate and hydrogen concentrations with reaction time
are further evidence for a surface reaction.
Parameter-free plots of these data!? indicate the pres-
ence of a zero order reaction. The n-type semicon-
ducting character of the zinc sulfide employed is cor-
roborated by the anodic photocurrent measured both
with a slurry or with a ZnS-powder electrode. The
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increase of the saturation current by a factor of 1.3
when formate is present, is due to ‘‘current-dou-
bling”’,20) suggesting that a reaction intermediate can
inject an electron into the conduction band. The
strong decrease of the photocurrent at wavelengths
shorter than 300 nm points to enhanced surface
recombination due to the shorter penetration length
of the absorbed light.?’>® The slight increase of
®(Hz) at low light intensity most likely is due to
reduced surface recombination.?¥ Further evidence
that the n-type character is necessary for photocata-
lytic action stems from the observation that powders
with a slight excess of zinc are better catalysts than
those with a 1:1 ratio of zinc to sulfur. Additional
support is the fact that the action spectrum of hydro-
gen evolution parallels that of the photocurrent.

The photogenerated electron-hole pair in ZnS (Eq.
6) has Zn(0) and S(0) character?? and therefore photo-
corrosion is an efficient process in the absence of
electron and hole scavengers.??) Formate prevents
anodic corrosion to Zn(II) and S(0) since only a very
small amount of dissolved Zn(II) is formed which does
not increase during the reaction. At a limiting for-
mate concentration the corrosion is almost completely
suppressed and the powder may be used a second time
without decrease in catalytic activity.

The possibility that in the polychromatic irradia-
tions part of the hydrogen originates from HS=,24 can
be excluded since in that case HD should be a major
part of the gas phase when D20 is employed. How-
ever, this occurs only at pH 14 where the hydrogen
composition changes to 15, 40, and 4% as compared to
85, 10, and 5% of D2, HD, and Ha, respectively, at pH 9.
At the high pH value part of the ZnS has dissolved by
formation of DS~ which photocatalyzes a homogene-
ous hydrogen formation.24

The oxidation of adsorbed formate (Eq. 7) is ther-
modynamically feasible since the hole in the valence
band has a redox potential of about 1.8 V (NHE) at
pH 72 while E° (COz~, Ht/HCO:") is 1.0 V.26)
Other hole scavengers like thiocyanate do not induce
hydrogen evolution.

The Stern-Volmer diagram (Fig. 8) indicates that
nitrate scavenges two different species. When the
first plateau is reached, @(Hz) is lowered by 50% and
CO formation is completely inhibited. This indi-
cates that CO and the half amount of hydrogen are
formed through a common intermediate. This is
unlikely to be CO2~ since in the radiolysis experi-
ments the G-value for Hz is not increased when ZnS is
introduced into the solution containing this radical.
It is therefore more likely that the adsorbed formate
radical?? injects an electron into the conduction band
(Eqg. 8)2® and that this process is completely inhibited
by 0.008 M nitrate. At this concentration and up to
0.03 M NaNOs formate can supply only one electron
for the reduction of water (Eq. 9). At this low sca-
venger concentration it is unlikely that nitrate could
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compete with adsorbed water for the trapped electron.
This seems to occur only at higher concentrations
(Fig. 8).

In the absence of nitrate part of the formate radical
forms carbon monoxide and oxalate (Egs. 10—13).
The latter product is predominantly obtained when
COz™ 1is generated in homogeneous solution.?®) The
low oxalate yield of 7% may suggest that 14% of the
radicals escape to the solution. However, it cannot
be excluded that the dimerization occurs between
adsorbed molecules.

The interfacial electron transfer to water (Eq. 9)
may occur via a surface state at —0.45 V (NHE), pH 7,
as suggested by the onset of the photocurrent in the
photoelectrochemical experiments. In the absence of
formate a surface state is located at +0.25 V and
accordingly no hydrogen evolution is observed. As
in the colloidal systems Zn(0) formed by cathodic
photocorrosion in competition with Eq. 9, may facili-
tate the electron transfer. Apparantly, platinization
does not accelerate this latter process, since the rate is
not changed, but rather inhibits photocorrosion.
Therefore the original catalytic activity is conserved
much longer than in the case of non-platinized ZnS
(Fig. 3).

Carbon Monoxide Formation. The fact that addi-
tion of THF or Nagmnt decreases the CO formation
suggests that a fully solvated intermediate is involved.
In addition, the method of ZnS preparation is also
important since no CO is produced when ZnS is
synthesized from a zinc dithiolene. Furthermore, CO
formation is also wavelength-dependent, having a
maximum at 310 nm. Finally, the CO content
increases when the concentrations of formate or
hydroxide are increased and when D20 is used instead
of HsO. These findings resemble the complicated
situation reported for the electrochemical oxidation of
formate, where the amount of CO produced depends
on concentration, current density, and diffusion layer
thickness.3?) By analogy we therefore assume that in
the present system CO 1is formed via a disproportiona-
tion (Eq. 13), AG°=—2.6 eV.26) The decrease of CO
formation upon use of DCO2Na is in agreement with
the now more difficult deprotonation step (Eq. 10).

From the catalytic thermal decomposition of formic
acid it is known that dehydrogenation occurs predom-
inantly at metal surfaces while dehydration is favored
at MgO and Zn0O.3) This may rationalize the obser-
vation that platinized ZnS induces a decrease of the
CO content by 60% as compared to the non-platinized
catalyst. The diminishing amounts of CO with
increasing irradiation time may therefore be caused by
the concomitant formation of Zn(0) through photo-
corrosion (Fig. 7A).

Deuterated Substrates. The linear dependence of
rate on light intensity suggests that only one photo-
chemical step is involved in product formation.
Since no thermal activation energy is observable, the
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rate is determined by the intensity of the light
absorbed. Accordingly, D20 induces no change of
rate while a small isotope efffect of 1.3 is measured
when HCOgNa is replaced by DCOzNa. This indi-
cates an influence of reaction steps according to Eq. 8
and Eq. 10 in which C-D (C-H) bond breaking
occurs. When the amount of CO is subtracted or
when CO formation is inhibited by addition of
Nazmnt, the product isotope effect in ZnS/HCOzNa/
D20 exactly parallels the one observed in the system
ZnS/2,5-dihydrofuran/D20.1)  The increasing amounts
of HD and Hs are due to the formation of HoDO% in
reaction step according to Eq. 8. In the absence of
adsorption effects the amount of Dg, HD, and Hs
should be statistically related to the mole fraction
xa—H/(H+D). A calculation®? shows that for xy=
0.02, as given for the experimental conditions of Fig.
7B, curve b, one expects 95% Dq, 5% HD, and negligi-
ble amounts of Hs. However, the experimental
values of 58% Ds, 33% HD, and 9% Hj are very different
but fit exactly if it is assumed that x=0.25. This
behavior is found for all the isotopic compositions
determined at different reaction times and suggests
that the mole fraction at the surface is about ten times
larger than in solution. This may result from the
better adsorption of HCOzNa as compared to Hz033)
and therefore D:O. Further evidence stems from the
addition of HO to the system ZnS/DsO/HCO:Na.
The rate of Dy decrease does not change although xg
in solution increases from 0.05 (curve a) to 0.07 (curve
b, Fig. 7B). The fact that even in the presence of 0.72
M DCOsNa in H20 no Dz or HD can be detected, is in
agreement with the large excess of HoO (xy=~1) and
therefore no deuterated gas should be formed.
Assuming that the concentration of DCO2Na may be
ten times larger, one should find 10% HD.

Experimental

All ZnS-suspensions were sonicated for 5 min prior to
irradiation in Ar-saturated solutions. Volumes of 100—120
mL were irradiated in an immersion lamp apparatus
equipped with an inner quartz tube (=248 nm) and a high-
pressure mercury lamp (Philips HPK 125 W), volumes of 22
mL in a cylindrical quartz cell with a 2500 W Hg-Xe lamp
(Canrad Hanovia, 12254 nm); the evolved gases were con-
tinuously recorded.!V Quantum vyields were measured
using a specially designed 4 mL quartz cuvette which
allowed thé GC-determination of dissolved and gaseous
hydrogen.!)) The intensity of the exciting light was
lowered with the help of metal gauze filters of different mesh
size; under the experimental conditions as described in Fig. 2
the rate increases from 1 to 1.7, 2.7, 3.6, 4.5, 5.5, and 7.6
umolh-! when the intensity of the absorbed light (A=290
nm) is increased from 10 to 22, 33, 45, 60, 75, and 98%,
respectively. See Ref. 11 for further details.

ZnS was prepared as reported.®!) When prepared in
neutral solution, refluxing was done for 1 h. The powders
obtained should be kept under Ar at normal pressure to
avoid formation of ZnO which inhibits catalysis. Aged
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samples can be regenerated by the removal of ZnO through
treatment with 50% (w/w) HOAc for 0.5 h at 50 °C followed
by carefully washing to neutrality with deoxygenated water.
When CdS was prepared by the same procedure, no gas
evolution occurs under identical irradiation conditions.
Doped samples were precipitated from the alkaline solution
in the presence of 5 mol% of the corresponding metal
sulfates.

Platinization was performed by a slight modification of
the procedure described by Bard et al.;3® 2 g of ZnS were
suspended in 100 mL of EtOH/H20 and brought to pH 5
with acetate buffer; after addition of 0.5 mol% H2PtClex6 -
H20 and 30 min sonication the suspension was irradiated
for 5 h. The grey powder was washed three times with
deoxygenated water and dried 24 h at ambient conditions.

SEM experiments were performed with the Scanning
Electron Microscope S 150 Cambridge-Instruments which
contained an EDAX analysator model 711. For sample
preparation some drops of a previously sonicated suspen-
sion of 10 mg of ZnS in 22 mL of H2O were pasted on a glass
slide and dried at about 10 Torr for 12 h. Evaporation of
Au, Pd, or graphite onto the ZnS-particles did not improve
the contrast of the micrographs.

Diffuse Reflectance spectra were measured against BaSOq4
(Weilstandard, Merck) as a reference using the double-beam
spectrophotometer MIT-20, Bruins Instruments, Miinchen.
The samples were diluted with BaSO4 by grinding for 30
min in a ball-mill. For evaluation of the band-gap,?®
[F(R=)hv]? was plotted as a function of Av, the energy of the
exciting light; F(R~)=Kubelka-Munk function; the straight
line obtained, in accordance with an allowed transition,36)
intersects the abscissa at 3.671+0.03 eV.

Determination of “pzzp”. 1 g (10.3 mmol) of ZnS were
suspended in 0.5 L of triply distilled water and sonicated for
20 min. The solution was first brought to pH 10 by adding
0.1 M KOH and than titrated with 0.01 M HNO3 in 1 mL
portions. 1 min after each addition the pH value was
measured with an Ingold glas electrode.  When 0.5and 3 g
of ZnS were used, the maximum was steeper and more flat,
respectively, due to the different buffer capacity of the sus-
pension. The maxima occured in all three cases at pH
8+0.2.

Photoelectrochemical Experiments. On an optical
bench the light from an Osram HBO 200 W lamp passed
through a Kratos GM 100-3 monochromator and rotating
sector onto a standard photoelectrochemical cell;3” working
electrode (WE): platinum (2X2 cm), counter electrode: plati-
num wire, connected with the WE-compartment via an
agar-agar salt bridge saturated with K2SOys; reference elec-
trode: Hg/HgSOy; potentiostat: Bank Elektronik, Potentio-
Galvano-Scan, Wenking PGS 77; voltage scanner: Bank
Elektronik, Voltage Scan Generator, Wenking VSG 72. In
the slurry method?” 25 mg of ZnS were suspended in 50 mL
0.1 M KaSOg4; although the platinum flag was oriented
parallel to the light beam, it showed a small photocurrent in
the absence of ZnS which was subtracted from the value
obtained with the slurry. The ZnS-covered WE was pre-
pared by precipitating ZnS at least two times in the presence
of the platinum flag. The resulting ZnS-electrode was
shortly dried under Ar at ambient conditions, dipped into
20% HOAc, washed neutral with deoxygenated, triply dis-
tilled water and dried again under Ar. SEM-micrographs
revealed the presence of particles with diameters of 100—200
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nm. A Lock-in-Amplifier (PAR 42) was necessary to
observe a reproducible photocurrent. In all cases the
results compared well with those obtained in the slurry
method. The absolute value of the photocurrent was in the
range of 4 and 0.5 A for the slurry and ZnS/Pt-elctrode,
respectively. Attempts to adapt one of the published depo-
sition procedures3® were not successful. For the measure-
ment of the wavelength dependence the lamp spectrum was
calibrated with a photodiode (Hamamatsu $780-8BQ).

Material Balance. In the experiment described in Fig. 4
the irradiation was interrupted after every 70 mL of gas
produced; the gas was withdrawn into two evacuated flasks,
one was analyzed by GC, the other by MS.11) At the same
intervals 5 mL of the solution were withdrawn and carbo-
nate was removed by acidification with 0.01 M HCI; the
evolved CO: was gravimetrically determined through
absorption in 2 M NaOH and precipitation as barium
carbonate; the remaining solution was brought to pH 8 by
addition of dilute NaOH and carefully evaporated to dryness
below 150 °C; the residue was redissolved in 10 mL of H:O
by sonicating for 20 min, ZnS was removed with the help of
a millipore filter (0.2 um), and 20 uL. of this solution were
used to determine formate and oxalate by HPLC (Chro-
mopak Ionospher tmA 4X250 mm, mobile phase: 0.025 M
sodium salicylate adjusted to pH 4 with HOAc, differential
refractometer for detection).

Influence of pH Value. Instead of 4.4 g (0.07 mol) of
HCO2Na, 3 g (0.07 mol) of HCOzH were employed in the
presence of 50 mg (0.51 mol) of ZnS suspended in 120 mL of
H:0; formaldehyde was determined colorimetrically;?® tra-
ces of MeOH were detected by GC. When 50 mg of ZnS
were suspended in nonaqueous HCO:zH, no gas evolution
occurred upon irradiation. The glass electrode was
inserted directly into the immersion lamp apparatus for
continuous measurement of pH changes.

Thermoanalyses. Differential Thermal Analysis (DTA)
in the range from RT to 500 °C affords a minimum at 110
and a maximum at 320 °C. Differential Thermal Gravimetry
(DTG) of 71 mg ZnS gave the following weight losses: 2.32
(50—150), 0.68 (150—310), 1.5 (310—400), and 0.6 mg (400—
470°C).

Wavelength Dependence of CO Formation. From irradi-
ation of a suspension of 10 mg (0.1 mmol) of ZnS in 4 mL of
1.83 M HCO2Na a gas phase with the following CO content
was obtained: 7, 42, 25, 20, and 7% at 320, 310, 290, 280, and
254 nm, respectively.

Influence of Solutes on Product Composition. Upon
additon of 20% (v/v) of THF or 50 mg (0.258 mmol) of
Nagmnt to the system 20 mg (0.21 mmol) ZnS/100 ml of 0.29
M HCO:Na the CO content decreased by 30% or 95%. No
CO 1is detected when ZnS prepared in situ from [Zn(mnt)z)]-
[NBug]o!) was employed in the above experiment. As com-
pared to the original, nondeuterated case, the CO content
was doubled in the system ZnS/HCO:Na/D20 while it was
decreased to half of its original value when ZnS/DCO2Na/
H:20 was employed.

Influence of Formate Concentration on Photocorrosion.
Due to strong adsorption of MV* onto ZnS it was not
possible to use this method4? for quantitative determination
of Zn(0) produced. As a rough estimate we used the ratio of
the initial reaction rates 7izg)/7) measured at 90 s reaction
time; 50 mg (0.52 mmol) of ZnS suspended in 100 mL of
H2O were irradiated at the given formate concentrations;
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after 10 min, riq) was taken from the gas evolution curve; the
catalyst was then filtered off and irradiated a second time at
the same formate concentration to obtain rig); see Results
section.

Influence of Deuterated Substrates. Each of the isotopic
compositions given in the following is an average from
three samples; the determination was performed with the
spectrometer CEC MS 103-C which was calibrated with the
three dihydrogen isotopes. The values (mol%) of Hs, HD,
Do, and CO for Fig. 7B are: curve a) 1.0, 3.6, 3.1, 64.4; 2.2, 6.7,
28.1, 63.0; 1.5, 9.8, 27.7, 61.0; curve b) 2.9, 11.4, 20.3, 65.4; 4.9,
13.7, 17.2, 64.3; 5.2, 15.0, 16.6, 63.3; curve c) 1.8, 16.1, 40.0,
42.1; 2.2, 16.1, 39.9, 41.9; 2.4, 17.3, 40.3, 40.0 at 50, 100 and
150 mL gas evolved, respectively. The composition of the
hydrogen gas (D2, HD, Hb) is 85, 10, 5; 80, 16, 4; 74, 23, 6; 71,
28, 3; and 63, 30, 7% at 50, 100, 150, 250, and 400 mL of total
gas evolved, respectively.

The possibility that the photoexcited ZnS may catalyze an
isotopic exchange between hydrogen gas and D20 was
excluded by the result of the following experiment: A sus-
pension of 30 mg (0.31 mmol) of ZnS in 100 mL of D20
containing 3 g (44 mmol) of HCO2Na was irradiated under
Hs which was permanently bubbled through the suspension
with the help of a circulating pump and a 2 L reservoir.
When 60 mL gas were formed, only D2 and CO but no HD
were detected by MS. To exclude a deuterium exchange
between H20 and DCO2Na, the experiment described above
was performed by adding 2 g (111 mmol) of H2O and
replacing HCO:2Na by 1 g (14.5 mmol) of DCO2Na. After
evolution of 150 mL gas, ZnS was removed by centrifugation
and the filtrate evaporated to dryness; IR-analysis of this
solid residue gave no evidence for the presence of HCO2zNa.
In the system ZnS (20 mg, 0.21 mmol)/HO (100 mL)/
DCOgzNa (5 g, 072 M) no HD or D2 could be detected after
600 mL of gas produced (92% Hsz, 8% CO).

For measurement of the kinetic isotope effect a suspension
of 8.5 mg (0.087 mmol) of ZnS in 4 mL of H20 or DO
containing 0.1 g (1.47 mmol) of HCO:2Na or 0.101 g (1.47
mmol) of DCO2Na was irradiated with a low-pressure mer-
cury lamp (4=254 nm) and the amount of gas evolved after 2
min, it contained only very small amounts of CO, was
determined by GC; these values were taken as the initial
rates. In the system ZnS/HCO2Na the rates in D20 and
H20 were identical, in ZnS/H20 the rate was lowered by a
factor of 1.3 when DCO:Na was employed instead of
HCOzNa.

Influence of Scavengers. The system ZnS (10 mg, 0.1
mmol)/HCO:zNa (0.1 g, 1.4 mmol)/Hz20 (50 mL) was placed
in a flat cell and irradiated for a few minutes (1=330 nm) in
the presence of POBN in the cavity of the ESR spectrometer
(Varian E-6-X-band). The observed signal (aw=3.3, an=
1.53 G) is in accordance with the literature.#) No signal
was observed when the systems HCO2:Na/POBN or ZnS/
POBN were irradiated. Attempts to scavenge OH-radicals
either with POBN or with 5,5-dimethyl-1-pyrroline-N-
oxide, which affords a longer lived spin adduct, failed.

Radiolysis Experiments. 0.1 M HCO2Na in the absence
and presence of ZnS was bubbled with N2O for 30 min
followed by <y-radiolysis for 30 min (dose rate=6.77
krad min-!, °Co-radiation source, Nuclear Engineering
Ltd. “Irradiation Unit, Type LCU 2”) and the total amount
of Hy was determined by GC.12) The following G-values
were obtained: Gy=0.92 (without ZnS), 1.08 (with ZnS, with
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stirring), and 0.90 (with ZnS, without stirring).

This work was supported by Fonds der Chemischen
Industrie. Technical assistance by Prof. Dr. F. Huber,
University of Dortmund, Prof. Dr. A. Fujishima and
Dr. R. Baba, Tokyo University; is gratefully acknow-
ledged.

References

1) Part VIII; Part VII: W. Hetterich and H. Kisch,
Photochem. Photobio., 1990, in press.

2) S. R. Morrison and T. Freund, J. Chem. Phys., 47,
1543 (1967).

3) a) A. Fujishima, T. Kato, E. Maekawa, and K. Honda,
Bull. Chem. Soc. Jpn., 54, 1671 (1981); b) T. Kato, E.
Maekawa, A. Fujishima, and K. Honda, Nippon Kagaku
Kaishi, 1984, 233.

4) H. Gerischer, Surface Sci., 18, 97 (1969).

5) M. Matsumura, M. Hiramoto, T. Ichara, and H.
Tsubomura, J. Phys. Chem., 88, 248 (1984).

6) a)D. N. Furlong, D. Wells, and H. F. W. Sasse, 4ust.
J. Chem., 39, 759 (1986), b) S. Sato, J. Phys. Chem., 87, 3531
(1983).

7) I Willner and Z. Goren, J. Chem. Soc., Chem. Com-
mun., 1986, 172.

8) A. Henglein and M. Gutierrez, Ber. Bunsenges. Phys.
Chem., 88, 170 (1984).

9) A. Kurian and C. V. Suryanarayana, J. Appl. Electro-
chem., 2, 223 (1972).

10) a) M. A. Butler, J. Appl. Phys., 48, 1914 (1977); b) M.
A. Butler and D. S. Ginley, J. Electrochem. Soc., 125, 228
(1978); ¢) D. S. Ginley and M. A. Butler, :bid., 125, 1968
(1978).

11) N. Zeug, J. Biicheler, and H. Kisch, J. Am. Chem.
Soc., 107, 1459 (1985).

12) Calculated for a specific surface area of 17 m2g-!
assuming that one monolayer consists of 1014 molecules/
cm?; e.g. L. P. Childs and D. F. Ollis, J. Catal., 66, 383 (1980).

13) J. M. Thomas and W. J. Thomas, “Introduction to
the Principles of Heterogeneous Catalysis,” Acad. Press
(1967).

14) a) J. R. Harbour and M. L. Hair, J. Phys. Chem., 83,
652 (1979); b) J. R. Harbour and M. L. Hair, “Magnetic
Resonance in Colloid and Interface Science,” ed by J. P.
Fraissard and H. A. Resing, D. Reidel Publ. Comp., (1980),
pp. 431—436.

15) Y. Y. Gurevich, Y. V. Pleskov, and Z. A. Rotenberg,
“Photoelectrochemistry,” Consultants Bureau, Plenum
Press, New York (1980).

16) a) J. Biicheler, Dissertation, Universitidt Dortmund,
1987; b) The values for nondehydrated ZnS and ZnO are
532.2 eV and 530.6 €V, C. J. Vesely and D. W. Langer, Phys.
Rev. B, 4, 451 (1971).

17) G. Munuera, V. Rives-Arnau, and A. Saucedo, J.
Chem. Soc., Faraday Trans. 1,75, 736 (1979).

18) H. Kisch, J. Inf. Rec. Mater., 17, 363 (1989).

19) E. S. Swinbourne, “Auswertung und Analyse Kine-
tischer Messunge,” Verlag Chemie, Weinheim (1975), p. 75.

20) At single crystal electrodes of ZnO (a) and CdS (b) the
factor may reach 2; a) A. Fujishima, T. Kato, E. Maekawa,
and K. Honda, Bull. Chem. Soc. Jpn., 54, 1671 (1981), and



2386

Ref. 1; b) H. Gerischer, Surface Sct., 18, 97 (1969). The value
of 1.3 measured for ZnS under non-optimized conditions can
be considered as indicative for current-doubling; see e.g. Y.
Maeda, A. Fujishima, and K. Honda, J. Electrochem. Soc.,
128, 1731 (1981).

21) a) H. Gerischer, J. Electrochem. Soc., 113, 1174 (1966);
b) G. Grunbein, Dissertation, Universitit Dortmund, 1983;
c) S. P. Tandon and J. P. Gupta, Phys. Stat. Sol., 38, 363
(1970); d) R. Rosetti and L. Brus, J. Phys. Chem., 86, 4470
(1982).

22) J.J. Hopfield, J. Phys. Chem. Sol., 10, 110 (1959).

23) H. Platz and P. W. Schenk, Angew. Chem., 49, 822
(1936).

24) H. Kisch, A. Fernandez, and R. Millini, Chem. Ber.,
119, 3473 (1986).

25) F.-R. Fan, P. Leempoel, and A. J. Bard, J. Electro-
chem. Soc., 130, 1866 (1983).

26) W. H. Koppenol and J. D. Rush, J. Phys. Chem., 91,
4499 (1987).

27) The reduction potential of HCOz- is not known but it
should not be too different from E¢(CO2/CO2™)=—1.9 V
(NHE).2)

28) ““Organic and Bio-organic Chemistry of Carbon
Dioxide,” ed by S. Inoue, John Wiley, (1989).

29) M. N. Schuchmann and C. V. Sonntag, Z. Natur-
forsch., 37b, 1184 (1982).

30) Ch. Amatore and J.-M. Savéant, J. Am. Chem. Soc.,
103, 5021 (1981).

Horst Kisca and Joachim BUCHELER

[Vol. 63, No. 8

31) a)P. Mars, J. J. F. Scholten, and P. Zwietering, Adv.
Catal., 14, 35 (1963); b) A. Maihle and P. Sabatier, Compt.
Rend. Acad. Sci., 152, 1212 (1911).

32) E. Kreyszig, “Statistische Methoden und ihre Anwen-
dung,” Vandenhoeck und Rupprecht, Gottingen, 3. Aufl.,p.
239; calculated under the assumption that all hydrogen of
HCOONa can be exchanged.

33) Equilibrium constant for water adsorption onto ZnS
is 0.12 L m~!, see Ref. 18.

34) B. Kraeutler and A. J. Bard, J. Am. Chem Soc., 100,
5985 (1978).

35) a)Ref. 21c, b) J. D. Dow and D. Redfield, Phys. Rev. B
5, 594 (1972); c) F. Urbach, Phys. Rev., 92, 1324 (1953).

36) S. M. Sze, “Physics of Semiconductor Devices,” 2nd
ed., John Wiley, (1981) p. 849.

37) M. D. Ward, J. R. White, and A. J. Bard, J. 4m.
Chem. Soc., 105, 27 (1983).

38) a)J. G. Mavroides, Mat. Res. Bull., 13, 1379 (1978); b)
S. R. Morrison, “The Chemical Physics of Surfaces,”
Plenum Press, New York (1978); ¢) Y. V. Pleskov and Y. Y.
Gurevich, “Semiconductor Photochemistry,” Consultants
Bureau New York and London, Plenum Press (1986).

39) T. Nash, Biochem J., 55, 416 (1953).

40) J.-F. Reber and K. Meier, J. Phys. Chem., 88, 5903
(1984).

41) a)E. G. Janzen, Y. Y. Wang, and R. V. Shetty, J. 4m.
Chem. Soc., 100, 2923 (1978); b) K. Makino, M. M. Mossoba,
and P. Riesz, J. Am. Chem. Soc., 104, 3537 (1982).




