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Dynamics of Hydrogen Adsorption on GaAs Electrodes
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In situ infrared spectroscopy unravels the dynamics of hydrogen adsorption on GaAs(100) electro
Hydrogen cathodically adsorbs at arsenic sites only and replaces As-OH groups present in the a
range, causing change in the surface dipole potential. The absolute submonolayer coverages d
on potential and result from a competition between cathodic hydrogenation and anodic or chem
hydroxylation. Surface As-H is identified as the intermediate in hydrogen gas evolution. Its elec
chemical reduction is the rate-limiting step of the reaction. [S0031-9007(98)06102-X]

PACS numbers: 82.65.My, 73.40.Mr, 78.30.Fs, 82.45.+z
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Hydrogen adsorbed at the surface of solids plays an
portant role in different fields of surface and materials s
ence. It diffuses into the materials, causing embrittlem
and, in the case of semiconductors, lowering conductiv
by orders of magnitude [1]. It affects surface electric
properties, for instance leading to record low surface
combination rates of photocarriers at silicon surfaces
At the surface of heterogeneous catalysts, it is a reac
intermediate in various commercially important reactio
Here, we examine its role in the cathodic production
hydrogen gas, a promising fuel for the chemical stora
of energy. In this reaction, two electrons are transfer
from a metal or semiconductor electrode to two aqueou
solvated protons H1saqd, yielding a hydrogen gas mole
cule H2sgd; a hydrogen atom is temporarily adsorbed af
transfer of the first electron. The fraction of the surfa
covered by adsorbed hydrogen is determined kinetica
by the relative rates of adsorption and desorption. W
n-type gallium arsenide, we present the first quantitat
determination of the hydrogen surface coverage of
electrode and the first dynamic study of hydrogen adso
tion by in situ infrared spectroscopy in real time.

The in situ spectroscopic detection of hydrogen a
sorbed at electrode surfaces is based on the reso
vibrational absorption of hydrogen-to-surface bonds. D
spite considerable experimental difficulties, a few a
thors reported infrared absorption by hydrogen adsor
on platinum cathodes, although some controversy ex
concerning peak assignments [3]. Surface hydroge
more conveniently detected at attenuated-total-inter
reflection prisms of semiconducting electrodes such
GaAs [4], and this will be done here. Until now, little wa
known about hydrogen adsorption on GaAs electrod
although it was found that formation of an H2 molecule
requires two conduction band electrons and that so
transient photocurrents could probably be ascribed to
dation of surface hydrogen [5].

The experiments were performed on Si-dopedk100l-
oriented n-GaAs single crystals grown by the liqui
Czochralski method from MCP Wafer Technology, U.
sNd ­ 8 3 1015 cm23d and from the Institute of Elec
0031-9007y98y80(19)y4337(4)$15.00
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tronic Materials Technology, PolandsNd ­ 4 3 1015 and
7 3 1016 cm23). The surface was pretreated accordin
to a standard recipe [6]. The electrochemical cell is d
scribed in Ref. [7], with the vertically oriented prismati
GaAs electrode (45± angles) exposing an area of1 cm2

to a circulating aqueous solution of HCl or NaOH.
includes a platinum counter electrode and an Ag/Ag
in saturated KCl reference electrode. When needed,
lumination was achieved using a white light source. I
frared absorbance was measured with a Bomem MB 1
Fourier-transform infrared spectrometer. The absorban
at wave numbers is defined ass1yNd lnfIssU0dyIssUdg,
where N ø 10 is the number of useful reflections a
the electrochemical interface,IssUd the light intensity at
wave numbers reaching the detector at potentialU, and
IssU0d the same but under reference conditions at pote
tial U0. Changes in flatband potential were determin
by interrupting the cyclic potential scans every 100 m
for a 1 ms period at various positive potentials, at whic
the capacitance of the semiconductor space charge la
was measured (for details, see Ref. [8]). The experime
were carried out at room temperature on a short tim
scale, so that in-diffusion of hydrogen can be neglected

Figure 1 shows the change in interfacial infrared a
sorbance as a result of going from the potential whe

FIG. 1. Change in infrared absorbance of then-GaAsy6 M
HCl interface when the applied potential is changed fro
20.3 to 2 0.8 V vs AgyAgCl (1500 cycles of 12 s).
© 1998 The American Physical Society 4337
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no current is measured in the steady state (20.3 V vs
Ag/AgCl) to a potential where hydrogen evolution o
curs (20.8 V vs Ag/AgCl). Absorbance increases a
2050 cm21 and decreases in the2500 3700 cm21 range.
Comparison with the literature indicates that the a
sorbance at2050 cm21 corresponds to As-H bonds only
in contrast, spectra of hydrogen adsorbed on GaAs(1
from the gas phase show absorption both by As-H a
Ga-H [9]. We ascribe the absorbance decrease in
2500 3700 cm21 range to loss of surface OH-group
present at the surface in the anodic range and repla
by adsorbed hydrogen in the cathodic range. The s
nal might arise either from surface OH-groups or fro
H2O molecules; however, changes in water absorpt
would have occurred over a narrower range (from 30
to 3500 cm21), and additional changes would have be
seen at1650 cm21 (H-O-H bending modes). Further
more, the separate peak at3600 cm21 evokes absorption
by isolated OH-groups not hydrogen bonded to other O
groups, which leads to the ascription of the broad signa
AsO-H. Absorption by As-O bonds falls outside our spe
tral window. Peak assignments were verified by measu
ments in deuterated solutions, in which the signals shif
wave numbers lower by a factorø

p
2, due to the higher

reduced mass of the oscillators [4]. The As-H bon
were found to absorbp-polarized light more strongly than
s-polarized light [4], confirming that they are at the su
face rather than inside the solid.

Similar switching from a OH- to a H-terminate
surface was inferred from current-potential curves
germanium [10] and recently confirmed byin situ infrared
spectroscopy [11]. Our results explain why, in contrast
GaAs under vacuum conditions [9], GaAs(100) surfac
can be found unreconstructed at the solution interfa
as shown by atomically resolvedin situ atomic force
microscopy [12]: before hydrogen is adsorbed, dangl
bonds are already saturated with adsorbed OH-grou
Here, the surface is not ideally flat but microroug
due to chemical oxidation by dissolved oxygen, ano
dissolution by holes, and cathodic decomposition. W
demonstrated elsewhere that a minor percentage of
cathodic current is due to decomposition reactions wh
cause surface roughening [4].

Since adsorption and desorption compete continuou
at every surface site, it is crucial to examine the react
pathway. The first step in the mechanism of hydrog
gas evolution at a cathode is the reduction of a solva
proton, yielding an adsorbed hydrogen atom Hads,

H1saqd 1 e2 ! Hads . (1)
For a given electrode, an important question is whet
the second step proceeds by surface diffusion to ano
adsorbed hydrogen atom (2a) or by a second cha
transfer step at the same site (2b) [13]:

Hads 1 Hads ! H2sgd , (2a)

Hads 1 H1saqd 1 e2 ! H2sgd . (2b)
4338
-
t

-

0)
nd
the
,
ed

ig-

on
0
n

-
to
-

re-
to

s

-

n

to
es
e,

g
ps.
,
ic
e
the
ch

sly
n
n

ed

er
her
ge

Results of time-resolved measurements illustrated
Fig. 2 show that in the dark at positive potentials, th
disappearance of As-H is due only to anodic reacti
with holes (negligible here, the current densityj was
ø 20 nA cm22) and chemical reaction with dissolved
oxidants (e.g., oxygen). This is direct evidence again
there being mobile adsorbed hydrogen atoms wh
combine to form hydrogen molecules, reaction (2a). T
negligible mobility of adsorbed hydrogen is in line with
the covalent character of the As-H bond. Therefore,
the cathodic range, a hydrogen molecule is produced
two consecutive electron transfer steps at the same s
reactions (1) and (2b).

In subsequent measurements, the oxygen concentra
was kept minimal by purging the solution using a flow o
purified nitrogen and by using a salt bridge to isolate t
counter electrode, at which oxygen is produced during t
cathodic polarization of GaAs.

Electrochemistry presents an opportunity absent
the case of hydrogen adsorption from the gas pha
The possibility to determine absolute hydrogen surfa
coverages by coulometric titration. After measureme
of the As-H absorbance under cathodic conditions, t
potential is changed to the steady-state potential un
illumination. Just after the jump, a photocurrent appea
and decreases to zero as surface hydrogen is removed
Fig. 3). The anodic charge measured by integrating
transient photocurrent is proportional to the initial As-
absorbance (Fig. 4). In HCl solutions, polarization mu
be kept brief at potentialsU , 20.8 V, in order to limit
the formation of metallic gallium [4]. The proportionality
is strong evidence that the anodic charge is used alm
exclusively for the oxidation of surface hydrogen. Th
same proportionality constant is found in acidic an
alkaline solutions with different GaAs samples and lig
intensities. On the assumption, suggested by Fig. 1, t
all As-H is oxidized to As-OH, requiring two holes pe
As-H, integrated absorbances by surface As-H can
converted to absolute surface coverage using Fig. 4.
the most negative potentials, surface hydrogen cover
is of the order of a monolayer,6.26 3 1014 cm22 arsenic

FIG. 2. Disappearance rate of As-H from then-GaAs surface
in 1 M HCl, after stepping potential from21 V to 10.5 V
vs AgyAgCl in the dark, for two different concentrations o
dissolved oxygen.
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FIG. 3. Changes in (a) current density and (b) As-H a
sorbance of illuminatedn-GaAs electrodes in 1 M HCl upon
stepping potential from20.3 to 2 0.8 V vs Ag/AgCl and
back.

atoms at an unreconstructed GaAs(100) surface. A hig
concentration of As-H bonds might suggest the presen
of arsenic dihydride, but it is just as likely due to surfac
(micro)roughness.

The hydrogen surface coverage of illuminatedn-GaAs
electrodes in 1 M HCl solution was monitored durin
cyclic potential scans at two different scan rates. Curre
density is shown in Fig. 5(a), hydrogen surface covera
in Fig. 5(b), and flatband potentialUfb in Fig. 5(c). The
0.5 mV s21 scan approximates steady state condition
while the50 mV s21 scan illustrates the system dynamic

The n-GaAs electrochemical interface is a rectifyin
contact, much like a Schottky diode. Under forward bia
cathodic current density due to hydrogen gas evoluti
changes exponentially with the applied potential, whi
hydrogen surface coverage changes more or less linea
Under reverse bias, the anodic current density is very l
in the dark and corresponds to one hole per absorb

FIG. 4. Anodic charge required to remove hydrogen fro
n-GaAs surfaces in 1 M HCl or 1 M NaOH as a function o
the initial As-H absorbance (different symbols refer to differe
electrodes).
-

er
ce
e

nt
ge

s,
.

s,
n

e
rly.
w
ed

f
t

photon under illumination [14]. In the steady state
anodic current causes dissolution of the semiconduc
[14], while in the 50 mV s21 scan, as long as As-H is
present, all anodic current is consumed for the oxidati
of surface hydrogen. The high As-H coverages, includin
under conditions where cathodic current density is lo
demonstrate that step (2b) is rate limiting for hydroge
gas evolution.

One important difference with a Schottky diode is tha
the applied potential drops partly across the semicond
tor space charge layer and partly across the much thin
Helmholtz layer on the electrolyte side of the interfac
[14]. In Fig. 5(c), changes in potential drop across th
Helmholtz layer are revealed by changes in the flatba
potential. In the reverse bias range,Ufb is 20.84 V in the
dark and somewhat more positive under illumination, d
to the positive charge of dissolution intermediates [15

FIG. 5. (a) Current density, (b) surface coverage by hydroge
and (c) flatband potential of illuminatedn-GaAs electrodes
in 1 M HCl monitored during cyclic potential scans at two
different scan rates (same light intensity as Fig. 3).
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FIG. 6. Reaction scheme for changes in surface coverage
GaAs cathodes.

Under forward bias,Ufb shifts negatively, in agreemen
with steady-state measurements by Uhlendorfet al. [16].
Our dynamic measurements clearly indicate that the po
tion of Ufb is correlated to the hydrogen surface coverag
Ufb and hydrogen surface coverage show approximat
the same hysteresis, about 200 mV during the0.5 mV s21

scan and much more during the50 mV s21 scan. During
the negative scans, first the positive surface charge dis
pears, and then, an additional negativeUfb shift of about
50 mV occurs per1014 cm22 As-H bonds. During the
positive scans, first As-H disappears, after which positi
surface charge reappears, both causing a positive shif
Ufb. This is the first direct evidence in electrochemistr
that a change from OH- to H-surface coverage cause
change in the surface dipole potential.

It has often been assumed that hydrogen surface c
erages of cathodes are determined by the relative r
constants of the two steps of the hydrogen gas evolut
reaction [13]. However, our measurements indicate th
this picture is not complete for GaAs. Its surface is co
ered either by H- or OH-groups, so that a reaction capa
of producing a surface OH-group must also exist. Mor
over, the switch from As-OH to As-H or back require
two charge carriers, implying the presence of a sho
lived As≤ radical intermediate. Hydroxylation of As≤

consumes a hole (or another oxidant) rather than an el
tron, and this is probably the reason for the hysteresis d
ing fast cyclic potential scans: Whereas hydrogenation
As≤ is the rapid step of the dominant reaction—hydroge
gas evolution—hydroxylation is a reaction whose rate
limited by the flux of holes towards the surface. The mo
important reaction steps are summarized in Fig. 6.

In conclusion, in situ infrared spectroscopy unravels
for the first time, the microscopic mechanism of hydro
gen gas evolution on GaAs cathodes. Surface hydrog
is bound to arsenic atoms and replaces surface OH-gro
present under anodic conditions, causing a change in s
face dipole potential. Our coulometric titration allows th
4340
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quantitative determination of absolute hydrogen surfa
coverages. Cathodic hydrogenation of As-H is rate lim
iting for the hydrogen gas evolution reaction, and hydr
gen surface coverage results from a competition betwe
cathodic hydrogenation and anodic or chemical hydrox
lation. All the observations can be accounted for quanti
tively in a detailed kinetic model which will be published
elsewhere [17].
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