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Abstract

The reaction of hematite with quinones and the quinone moieties of larger molecules may be an important factor in limiting the rate
reductive dissolution, especially by iron-reducing bacteria. Here, the electrochemical and physical properties of hydroquinone ad
hematite surfaces at pH 2.5–3 were investigatedwith cyclic voltammetry (CV),electrochemical-scanning tunneling microscopy (EC-STM
and X-ray photoelectron spectroscopy (XPS). An oxidation peak for hydroquinone was observed in the CV experiments, a
(photo)reduction of iron and decomposition of the solvent. The EC-STM results indicate that hydroquinone sometimes forms an orde
monolayer with∼1.1 QH2/nm2, but can be fairly disordered (especially when viewed at larger scales). XPS results indicate that
quinone and benzoquinone are retained at the interface in increasing amounts as the reaction proceeds, but reduced iron is n
These results suggest that quinones do not adsorb by an inner-sphere complex where adsorbate–surface interactions determine
surface structure, but rather in an outer-sphere complex where interactions among the adsorbate molecules dominate.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Iron is the most common redox-active transition me
in the earth’s crust and is involved in a variety of electro
transfer processes, both biological and abiotic. It is po
tially the most common terminal electron acceptor used b
organisms for respiration after oxygen [1,2] and as su
the sheer quantity of biologically driven iron cycling wou
make it a subject of substantial environmental interest
additional concern is the potential for degradation of en
ronmental contaminants by dissimilatory iron-reducing b
teria (DIRB). Such contaminants include use by DIRB
benzene, toluene, ethylbenzene, and xylene (BTEX) [2
compounds as substrates, as well as direct metaboliz
and/or indirect solubilization of a variety of toxic meta
such as technetium(VII) and uranium(VI) [5–8]. It has be
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0021-9797/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2003.12.026
shown that there can be a correlation between bioavail
iron oxides and rates of benzene and toluene degradatio
microorganisms [9]. This suggests that one of the cont
on the bioavailability of iron oxides and their rate of diss
lution may be the interaction of DIRB with an iron oxid
surface. Extracellular quinones have been shown to be
duced by facultative DIRB to “shuttle” electrons to an iro
oxide surface from the electron-transport chain locate
the cell wall [10,11]. While no obligate DIRB have yet be
shown to produce extracellular quinones [12], introduce
quinones [13] and quinone moieties of humic acids [14]
be used to increase the rate of dissolution of iron oxides

In this work we report the results of a study of the
teraction of hydroquinone (1,4-dihydroxybenzene) with
hematite (α-Fe2O3) (0001) surface at pH 2.5–3. This is th
first of two companion papers and will focus on the adso
tion behavior of hydroquinone; the second will focus on
rate of reduction dissolution of hematite and the calcula
of the electron-transfer rate [15]. Hydroquinone itself has
been shown to be utilizable by DIRB [16], but it was chos

http://www.elsevier.com/locate/jcis


434 A.G. Stack et al. / Journal of Colloid and Interface Science 274 (2004) 433–441

nter-
for

te be
nts
se a
her,

died
ac-
e to
ing
n of
ese
e o
ith a

ion
ons

rbs
18]
ro-
1a,
l is
not

Iron
light

a

s via
ted

da-
me
s a
ro-
ons
ox-
loss
adi-
[18]).
ry-

lat-
at

pH
er-
een

rom
ive
that
edi-
ous
xi-
for
ton
ro-
pH
o-
loss
H 7

e)

lex
I)
zo-
-
eous
4],
as a study molecule because more is known about its i
action with oxide surfaces and its oxidation steps than
substituted quinones. Hematite was chosen as substra
cause it is relatively common in groundwater environme
and because it is a semiconductor, which allows us to u
suite of electrochemical techniques not available with ot
wide-band-gap iron (hydr)oxides.

The hydroquinone–iron oxide system has been stu
previously [17,18] and a general description of the re
tion mechanism consists of adsorption of hydroquinon
an iron-surface site, followed by electron transfer (form
a semiquinone radical and a reduced iron), desorptio
the semiquinone, and dissolution of the reduced iron. Th
steps are repeated with the semiquinone radical in plac
the hydroquinone and another reduced iron is released w
benzoquinone. The proposed overall reaction stoichiometry
is [17,18]

(1)α-Fe2O3(s) + QH2 + 4H+ → 2Fe2+
(aq) + Q+ 3H2O.

While the exact number of protons involved in the react
is unknown, it is reasonable to write it as consuming prot
at low pH.

At pH 7 it has been shown that hydroquinone adso
as an inner-sphere complex via a bridging oxygen [
(Fig. 1a). For this form of adsorption to occur the hyd
quinone must lose a proton prior to adsorbing (in Fig.
a proton is lost from the hydroquinone and a hydroxy
lost from the surface site). We argue that this process is

(a)

(b)

Fig. 1. Illustration of conceivable adsorption behaviors on hematite.
atoms are dark gray, oxygen is white, carbon is black, and protons are
gray. (a) Chemisorption via a bridging oxygen [14]. (b) Chemisorption vi
aπ -backbonding complex.
-

fFig. 2. Pathways for oxidation of hydroquinone (QH2) through a semi-
quinone intermediate (QH) to benzoquinone (Q). Oxidation proceed
the top pathway for pHs<5 (electron loss followed by proton loss repea
twice, eHeH), and the bottom pathway for pHs>5 (proton loss followed by
electron loss repeated twice, HeHe [15,16]).

likely at low pH due to the pH dependence of the oxi
tion pathway of hydroquinone, but to demonstrate this so
discussion of the oxidation behavior of hydroquinone a
function of pH is needed. Reversible oxidation of hyd
quinone involves the loss of two electrons and two prot
(Fig. 2), so there are four different likely pathways to the
idized benzoquinone, depending on what order electron
and proton loss follow (assuming that the semiquinone r
cal must be produced, as has been shown at neutral pH
Analysis of anodic current-density–potential curves at va
ing pHs show that the oxidation of hydroquinone on p
inum is first-order with respect to proton concentration
high pH (>5) and zero order, i.e., independent, at low
(<5) [19]. Similar results were found for a dropping m
cury electrode, except that the pH of the transition betw
pathways was somewhat lower (∼pH 4) [20]. Further ev-
idence for outer-sphere adsorption at low pH comes f
Abdul Rahman et al. [21] in the form of energy-dispers
X-ray absorption spectroscopy fine structure; they find
at pH 1.9 no inner-sphere adduct forms as an interm
ate between hexaquairon(III) and hydroquinone in aque
solution. From these results, we think it likely that the o
dation pathway (Fig. 2) at low pH will be the upper path
both oxidation events, or electron loss followed by pro
loss to form semiquinone, and electron loss followed by p
ton loss again to form benzoquinone (eHeH). At higher
it will be the lower pathway in both oxidation events: pr
ton loss followed by electron loss, proton loss, electron
(HeHe). The adsorption behavior of hydroquinone at p
[18] is consistent with the upper oxidation pathway (HeH
because proton loss occurs prior to electron transfer.

There is one possibility for an inner-sphere type comp
after reaction: aπ -backbonding complex with an iron(I
(Fig. 1b). Soto et al. [22] have shown that both ben
quinone and hydroquinone formη4 andη6 complexes (re
spectively) on the Pd(111) surface similar to heterogen
organometallic complexes created with Pt [23], Mn [2
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Ir [25], and Fe(0) [26]. Aπ -backbonding complex of thi
type is not likely to form with an iron(III) surface site du
to a paucity of electrons: iron(III) does not have enou
electron density to contribute much to aπ backbond. None
of the above-listed heterogeneous species has thed5 elec-
tronic structure of iron(III), butπ -backbonding complex
with d6 metals have been shown to form (specifica
Mn(I) [24]). Since iron(II) isd6 the possibility of a surface
π -backbonding iron(II) complex is investigated here.

In this manuscript we test the hypothesis that hyd
quinone adsorption onto hematite basal surfaces is ob
able. We have conducted this study using CV to unders
some basic electrochemistry of the system, and we co
this with EC-STM to examine the adsorbate structure.
nally, we use XPS to examine the reaction progress. A
the materials and methods areoutlined, the results and dis
cussion of each of these experiments is presented.

2. Materials and methods

2.1. Reagents

Reagent-grade hydroquinone (Aldrich) was used w
out modification. All solutions were prepared and sto
in anaerobic environments (<1 ppm O2, Forma Scientific
Model 1025 Anaerobic System Glove Box; Coy Labora
ries Inc. Gas Analyzer). Because hydroquinone can be
idized by molecular oxygen [5], all DDI water used in th
research was purged with nitrogen gas for at least 30
prior to use and all experiments were performed under n
gen.

2.2. CV

Cyclic voltammetry was performed on the STM c
prior to imaging (EG&G Princeton Applied Researc
Model 263A potentiostat, with EG&G Electrochemist
Suite software). Scan rates and potential ranges were
ied to find the best response and limit side reactions.
scan rate for all voltammograms reported here was 25 m/s.
The open-circuit potential was used as the initial and fi
potential of the sample (versus the reference). Some
periments were illuminated using a 50-W fiber optic la
(Dolan–Jenner industries).

An oxidized silver wire was used as a quasi-refere
electrode, calibrated againsta Ag/AgCl (4 M) electrode via
a salt bridge of 0.1 M KBrO3 prior to each STM experi
ment. A nominal value of the electrode is∼ +0.3 VNHE in
pH 2.5 acetic acid and 0.01 M NaCl, but measured va
had a 0.15-V range. A platinum wire was used as the cou
electrode. The working electrodes were constructed by
taching a hematite sample (see [27] for description of
hematite sample) to a roughened metal puck with grap
paint. A contact wire was attached in the same fashion.
assembly was then coated in silicone (Permatex), lea
-

-

only the hematite exposed. The silicone not only isolates
hematite but also creates a hydrophobic surface on whi
bead of solution (∼0.5 ml) is relatively stable. This assem
bly was used as the fluid cell in all cyclic voltammetry a
EC-STM experiments.

2.3. EC-STM

For a brief review of EC-STM and a diagram of the s
tem setup, see Tao [28]. A Molecular Imaging PicoSP
with an A-type scanner (6 µm) and a Digital Instrume
Nanoscope III controller was used. The fluid cell and el
trodes used are the same as for the CV; sample pote
was controlled with a Molecular Imaging PicoStat. Co
mercial Apiezon wax-coated Pt:Ir tips were used (Molecu
Imaging, Pico,<10 pA leakage current). All experimen
with hydroquinone present were performed under nitrog
Sample potentials were scanned for the most stable ima
conditions, using the cyclic voltammograms as a guide
potentials with small faradaic currents.

EC-cell solution volumes were approximately 0.5 m
In experiments with hydroquinone present approxima
10–30 µl of 1 mM hydroquinone solution was added to
fluid cell. After some hours of imaging, evaporation c
cause a substantial loss of fluid, so DI H2O was added
periodically to keep the cell volume approximately co
stant.

2.4. XPS

X-ray photoelectron spectroscopy (XPS) measurem
were made at the Wiley Environmental Molecular Scien
Laboratory using a Physical Electronics Quantum 2
Scanning ESCA Microprobe with focused monochrom
AlKα X-rays (1486.7 eV) as source. The 98-W, 107-µ
diameter X-rays were rastered over a 1.4 by 0.2 mm rec
gle on the sample. Survey scans (not shown) were colle
using a pass energy of 117.4 eV. For the Ag3d5/2 peak these
conditions produce full width at half maximum (FWHM
of better than 1.6 eV. The high-energy-resolution data
collected using a pass energy of 23.5 eV. For the Ag3d5/2
these conditions produce a FWHM of better than 0.75
The data were referenced to an energy scale with bin
energies for Cu2p3/2 at 932.67 ± 0.05 eV and Au4f at
84.0± 0.05 eV.

Samples of hematite for the XPS experiments w
cleaned using a 10-min sonication in methanol and a 10-
UV exposure (λ = 185 nm; Jelight Company, Model 34
UVO-Cleaner). After cleaning, samples were placed i
glove bag filled with house nitrogen. Samples were then
posed to hydroquinone (Sigma–Aldrich) by immersion
a 10 mM solution (same composition as the wet-chem
studies) for 15 min, 1 h, and 15 h. After exposure the s
ples were wicked dry and placed in the sample chambe
the XPS without exposure to the outside atmosphere.
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3. Results and discussion

3.1. CV

Cyclic voltammograms for hematite in pH 2.8 acetic a
with 0.01 M NaCl background electrolyte with and wit
out 10−3 M hydroquinone are shown in Fig. 3. The prima
feature of Fig. 3a is the cathodic current peak at∼ −0.1
to −0.2 V, the area of which is increased when the sa
ple is illuminated (labeled 1). Upon illumination, photon
with energy greater than the band gap (2.2 eV for hema
see, e.g., [29]; therefore wavelength�540 nm) will ex-
cite electrons from the valence band into the conduc
band. An estimate of the flat-band potential of single-cry
hematite at pH 2.8 is+0.1 VAg wire ([31]; corrected for pH).
While flat-band potential measurements can vary subs
tially between experiments [30], this value is consistent w
our result. Given the donor density of the hematite use
this study (∼5.5 × 1016 cm−3; see [27]), the conductio

(a)

(b)

Fig. 3. Cyclic voltammetry data, current versus potential of
quasi-reference electrode. Scan rate is 25 mV/s, pH 2.8 acetic acid, 0.01 M
NaCl. (a) Hematite in the dark and illuminated. Peak 1 is reduction
iron; peak 3 is an anomaly. (b) Hematite with 0.001 M hydroquinone (a
15 min). Peak 3 is hydroquinone oxidation.
-

band should be 100–200 mV negative of the flat-band po
tial [32]. This translates to a conduction band edge loca
at approximately−0.1 to−0.2 VAg wire, where peak 1 is lo
cated. Photoemission studies have found that the hem
conduction band is mostly Fe3d in character [33]; therefore
peak 1 is likely indicating reduction of iron(III) at the bo
tom of the conduction band or surface states that resid
the band gap near the conduction band. This interpretati
consistent with ultraviolet photoelectron spectroscopy m
surements of photoexcited hematite [34].

The anodic peak labeled 2 in Fig. 3a is probably an a
fact. The hematite sample and electrodes had been exp
to hydroquinone prior to this experiment and there may h
been some residual hydroquinone present that was no
moved during the cleaning process. An alternate explanatio
is perhaps that the peak represents the decomposition o
acetate buffer or some reaction with the silicone in the
cell.

The cathodic and anodic peaks at the extreme poten
represent decomposition of the solvent (e.g., reduction
oxidation of water species, resp.). An increased oxida
current is observed when the hematite is illuminated
odic current at oxidizing potentials near+1 VAg wire). This
photolysis of the solvent has been observed previousl
hematite [35].

When hydroquinone is introduced to the cell (Fig. 3
peak 3 appears. This peak is thought to represent oxid
of hydroquinone to benzoquinone (the semiquinone in
mediates are not very stable at this pH [36]). The reduc
potential of hydroquinone under these conditions should b
approximately+0.2 VAg wire, which is consistent with wha
is observed. Unfortunately, due to double-layer charging
fects and solvent decomposition, it is impractical to integ
the peak area to determine surface layer coverage.

The presence of the oxidation peak with the conco
tant lack of the reduction peak is not easily explainable.
n-type semiconductor such as this hematite sample shou
be rectifying and only reduce adsorbates because the
mation of a near-surface depletion layer forbids oxidat
except at very positive substrate potentials (see, e.g., [
Here, the opposite from what is expected is observed
oxidation peak with no corresponding reduction. Howe
if the reduction potential of a redox molecule is near
conduction band edge both oxidations and reductions w
be expected to be observed, due to overlap of the re
density of states with the semiconductor’s conduction b
edge [29]. This is the case here; the reduction potentia
hydroquinone (∼ +0.2 VAg wire) is close to the conduc
tion band edge of the hematite, estimated above at−0.1 to
−0.2 VAg wire. Furthermore, when the reduction poten
of the redox molecule is similar to the electrode, the p
splitting can sometimes be quite large. Kohl and Bard
served a separation of oxidation and reduction peaks (�Ep)
of 3.7 V (!) for hydroquinone onn-GaP [38]. In this case
the oxidation reaction peak center was at a potential clos
to the conduction band edge and the reduction peak c
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Fig. 4. EC-STM images, pH 2.8 acetic acid, 0.01 M NaCl. (a) A 15-
scan of hematite in aqueous solution; sample bias is−250 mV, setpoint is
250 pA, z-scale is 0.5 nm, and the sample potential is−0.02 VAg wire.

The characteristic 5-Å periodicity of the hematite unit cell is show
(b) A 15-nm scan showing the surface after introduction of hydroquino
the 5-Å periodicity has been replaced by a 1.1-nm periodicity. Sample
is −100 mV, setpoint is 100 pA,z-scale is 0.2 nm, and sample potential
+0.18 VAg wire.

at a much more negative potential. If such were the cas
hematite we would not expect to see the reduction peak
to decomposition of the solvent (Kohl and Bard [38] work
in acetonitrile to avoid this problem).

3.2. EC-STM

Fig. 4a is an image of hematite showing a character
5-Å periodicity (in pH 2.8 acetic acid in 0.01 M NaCl ele
trolyte, with a sample potential of−0.02 VAg wire (see, e.g.
[27,39,40]). Fig. 4b shows a surface after the introduc
of hydroquinone into the STM fluid cell. The 5-Å perio
icity has been replaced by a well-ordered hexagonal clo
packed 1.1 nm periodicity, similar to hydroquinone mon
layers on Pd(111) [41,42]. This is approximately twice
periodicity of iron atoms on the hematite〈001〉. The error
in distance measurements with STM data can be sub
tial due to drift and scanner creep, so the periodicity of
hydroquinone-covered surface can be considered com
surate with the hematite unit cell. This interpretation lea
open the possibility that there is astrong, specific interactio
between quinones and iron surface sites. However, sin
closest packed monolayer is observed, it implies either
interadsorbate interactions dominate the adsorbate stru
or that hydroquinone adsorbs onto essentially every pos
hematite surface site.

If there is not a strong interaction between the ads
bate and the surface (i.e., the hydroquinone forms an o
sphere complex), the dominant interactions would be
drogen bonds between quinone molecules and dispe
forces. In crystalline hydroquinone, the interaction ene
is determined by a combination of the two [43]. With
the plane of the carbon ring, the intermolecular distan
in α-hydroquinone [44] and quinhydrone [45] are appro
imately 7.2 Å, which is shorter than the 1.1-nm perio
icity that is measured in the STM experiments. Howev
three-dimensional crystal data may not be indicative of t
dimensional structure on a surface. It is also possible tha
the intermolecular interaction of a monolayer on an
ide surface may consist of some hydrogen bonding am
quinones and some hydrogen bonding between quin
molecules and the oxide surface, which will affect a mo
layer structure.

Fig. 5 shows images in which a quinone monolayer h
domain of differing structure within the image, rotated∼60.
Observation of a domain with different structure within
single image is important when STM data are conside
because it indicates that the apparent monolayer is probab
real and not an artifact produced by the tip. If the appa
monolayer were in fact the result of a multiple tip or a blu
tip, the same feature would reproduce over an entire ima

The well-ordered monolayer shown in Figs. 4 and 5
not observed with high frequency. A more common res
is shown in Fig. 6, where there exists no long-range or
ing on the surface. There are some areas on the ter
where something similar to a 1.1-nm periodicity can be se
but other places where there isno visible ordering. Fig. 6b
shows no visible ordering whatsoever. A lack of ordering
some cases and not in others is not unexpected; when th
teraction between the surfaceand the adsorbate or betwe
adsorbate molecules is weak it can be quite difficult to
termine what factors or conditions are most influential
forming an ordered monolayer. For example, He et al. [
found that ordered monolayers of porphyrin on gold o
form at certain potentials; otherwise disordered monola
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Fig. 5. EC-STM images, pH 2.8 acetic acid, 0.01 M NaCl; sample bi
are−100 mV, setpoints are 100 pA, andz-scales are 0.3 nm. (a) A 30-n
scan; sample potential is−0.02 VAg wire. Slightly upward, and to the lef
of the center is an area with structure rotated 60◦ with respect to the rest o
the image. (b) A 40-nm scan; sample potential is−0.22 VAg wire. Slightly
upward and to the left of center is an area of rotated structure.

form, or no adsorption at all occurs. It is possible that a s
ilar phenomenon is occurring here since varying poten
during deposition were not thoroughly investigated (imagin
became quite unstable at anysample potential near whe
large faradaic currents occur in Fig. 3).

Fig. 7 shows hematite after it has been reacted w
hydroquinone over several imaging sessions (10–15 h
posure, with varying sample potentials). The surface
the hematite is pitted. The measured depth of the pi
only 0.3 Å, indicating that dissolution has probably resul
Fig. 6. EC-STM images, pH 2.8 acetic acid, 0.01 M NaCl. (a) Hydroquin
on hematite, 50-nm scan: sample bias is−250 mV, setpoint is 250 pA
z-scale is 0.5 nm, and sample potential is−0.02 VAg wire. The steps are

monolayer height on hematite (2.3 Å). On the terraces, some areas a
dered (1.1-nm periodicity), whereas others have no discernable orderin
(b) Hydroquinone on hematite, 100-nm scan: sample bias is−500 mV, set-
point is 500 pA,z-scale is 0.5 nm and sample potential is−0.20 VAg wire.
No ordering is discernable. The bright feature is a monolayer step o
hematite.

in a difference in terminations of the hematite (i.e., Fe-
O-termination). Using a resonant tunneling model, Eg
ston et al. [27] suggest that in this case the higher
races are composed of an Fe-termination and the pits
O-terminated. This sample had been exposed to sampl
tentials where reduction of the surface could occur (
Fig. 3a), so some or all of the dissolution may be attrib
able to this.
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Fig. 7. EC-STM images of hematite after several imaging sessions: pH
acetic acid, 0.01 M NaCl. Pit depth is 0.3 Å. It is probable that the topm
layer of iron has been stripped away, leaving an oxygen-terminated
face [27]. (a) A 100-nm scan: sample bias is+250 mV, setpoint is 250 pA
z-scale is 0.2 nm, sample potential is 0.03 VAg wire. (b) Same conditions a
in (a), but 250-nm scan size.

3.3. XPS

Fig. 8a shows the carbon 1s spectra as a function of expo
sure time. With increasing exposure time there is an app
ance and (relative) growth of a carbon double-bond oxy
(C=O) peak and a carbon single-bond oxygen (C–O) p
(the C–C, C–H peaks show no trend). The appearance
growth of the C–O peak suggests that hydroquinone has
sorbed onto the hematite surface. While it is somewhat
prising that there is an apparent increase in the surface
-

(a)

(b)

Fig. 8. XPS data of hematite samples. (a) Carbon 1s spectra after exposur
to varying amounts of pH 2.5 acetic acid, 0.01 M NaCl, 1 mM hyd
quinone. With increased exposure a C–O and C=O peak appear and grow
(b) Peak areas as a function of time using a Lorentzian peak deconvo
(not shown) from the C–O and C=O peaks in (a) after being normalize
to the C–C, C–H peak. The C–C and C–H peaks show no trend. Line
intended as a guide for the eye.

concentration between 1 and 15 h reaction time, it is wit
expectation: previous workers used a 6-h equilibration t
to allow complete adsorption of hydroquinone and catec
on alumina [47]. It is conceivable that hydroquinone is p
cipitating, but since the solubility is 0.645 M [48] and t
concentration of hydroquinone is 10−3 M, this is unlikely.

The C=O peak most likely indicates the appearance
benzoquinone on the surface as the reaction progress
the absence of significant amounts of oxygen, it is lik
that the benzoquinone has been formed by reaction of
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(b)

Fig. 9. XPS data of the same samples as in Fig. 8. (a) Fe2p spectra. No
detectable Fe(II), which would appearas a peak or shoulder on the low
binding energy side of the Fe2p peaks and a shift in the position of th
satellites [49]. (b) Separate samples before and after sputtering with
at 2 kV at 2 nm/min for 2 min. Reduced iron is observed [49].

droquinone with the iron oxide sample. It is unlikely th
any precipitate containing benzoquinone is forming; theKsp
of quinhydrone (a 1:1 mixture of hydroquinone and ben
quinone) is 0.289 M [48], and theKsp of benzoquinone is
0.127 M [48] (see [15] for example concentrations of ben
quinone species during reaction with a hematite powder

Fig. 9a shows the Fe2p spectra for the same sample
There is no indication of Fe(II) on the surface. Redu
iron would appear as a shoulder on the low-binding-ene
side of the Fe2p3/2 peak and the positions of the satellit
would shift [49]. To verify that Fe(II) could be detected
XPS, a separate sample was sputtered with argon. Bom
ment ofα-Fe2O3 surfaces with Ar+ ions has been shown
preferentially remove oxygen atoms and concomitantly
duce ferric iron, creating FeO [49]. In our case, sputte
clearly show the features of Fe(II) on the surface (Fig. 9
Thus, if Fe(II) were accumulating on the surface (appro
mately>5 atom %), it would probably have been detect
The lack of observation of any Fe(II) on the surface, wh
benzoquinone was detected, indicates that aπ -backbonding
complex between Fe(II) and benzoquinone is probably
forming (Fig. 1b). This complex may form in solution
may exist only briefly on the surface, but it is not likely tha
this complex represents thedominant interaction betwee
benzoquinone and iron surface sites.

It is conceivable that electrons donated to hematite
hydroquinone)are delocalized (i.e., injected into the cond
tion band rather than onto a particular site). In this case,
high-energy sites would dissolve, not necessarily the s
that the electron has been transferred to. Thus, there w
not necessarily be any Fe(II) observed on the (basal) su
studied in this experiment. However, based on charge-ca
mobility measurements and the energy of activation for e
tron transfer, the conductivity behavior of hematite is be
described by a localized electron model (i.e., a small
laron), not a delocalized band model (see, e.g., [50,5
A more likely explanation of the results in Fig. 9 is th
Fe(II) is not retained substantially on the surface during
ductive dissolution; it has been shown that Fe(II) does
adsorb well onto goethite at low pHs [52] and hematite
expected to behave in a similar fashion. The presence o
benzoquinone on the surface and the lack of Fe(II) indi
that Fe(II) removal from the surface is probably not rate l
iting. If it were, then there would be twice as much Fe
on the surface as benzoquinone. By the same argumen
presence of benzoquinone on the surface indicates th
removal from the surface is relatively slow and that adso
tion of hydroquinone/desorptionof benzoquinone should
be ruled out immediately as a candidate for the rate-limi
step.

4. Summary

Adsorption of hydroquinone onto hematite basal surfa
has been studied using CV, EC-STM, and XPS. The
showed irreversible oxidation of hydroquinone to ben
quinone as well as reduction of iron. EC-STM experime
showed that a monolayer of hydroquinone sometimes fo
with an apparent packing density of∼1.1 QH2/nm2, simi-
lar to hydroquinone monolayers on platinum and palladi
At larger scales, the monolayer appears to be much m
disordered. The results of the XPS experiments show
while hydroquinone and benzoquinone are retained on
surface, ferrous iron is not, implying that metal detachm
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is not rate-limiting. These results suggest that interadsor
interactions dominate the monolayer structure, as opp
to adsorbate–surface interactions.
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