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Abstract Various methods, i.e., the adsorption/stripping of
adsorbed probe species, such as hydrogen (H), copper (Cu),
and carbon monoxide (CO), oxygen and hydroxide (O/
OH), potentiostatic CO/H displacement as well as double
layer capacitance are exploited to evaluate the electrochem-
ically active surface areas (ECAs) of platinum (Pt) foils,
chemically deposited Pt thin film, and carbon-supported Pt
nanoparticle electrodes. For the relatively smooth Pt
electrodes (roughness factor < 3), the measurements from
the stripping of H, Cu, and CO adlayers and CO/H
displacement at 0.08 V (vs. RHE) give similar ECAs. With
the increase of the surface roughness, it was found that the
ECAs deduced from the different methods have the order of
CO/H displacement less than the stripping of under
potential deposition (UPD) Cu monolayer less than the
stripping of the UPD-H adlayer. Possible origins for the
discrepancies as well as the applicability of all the above-
mentioned methods for determining ECAs of various Pt
electrodes are discussed, and the UPD-Cu method is found
to be the most appropriate technique for the determination
of ECAs of Pt electrodes with high roughness factors or
composed of nanoparticles with high dispersion.
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Introduction

Platinum (Pt) is one of the most active metal catalysts
toward many electrochemical reactions, such as the anodic
oxidation of small organic molecules and the cathodic
reduction of oxygen (O,) in proton exchange membrane
fuel cells (PEMFCs) [1-3]. In practical cases, highly
dispersed Pt catalysts with large surface areas are extremely
important to increase the electrocatalytic reactivity [2—4].
The information on the electrochemically active surface
area (ECA) of such Pt-based electrocatalysts is essential to
derive the specific activity for evaluation and comparison of
the different catalysts from various sources [4-9]. This is
one of the prerequisites to understand the relationship
between the catalytic activity and their structure/composi-
tion, which are the basis for rational design of highly
efficient electrocatalysts for PEMFCs and other electro-
chemical processes.

The charge densities involved in the electro-adsorption
(deposition) and electro-desorption (stripping) of probe
species such as hydrogen (H) [5, 8, 10], copper (Cu), silver
(Ag) [8, 11, 12], carbon monoxide (CO) [9], oxygen (O),
and hydroxide (OH) [5], are used to estimate the electro-
chemically active surface areas (ECAs) of various Pt
electrocatalysts, including single crystalline and polycrys-
talline Pt electrodes as well as carbon-supported Pt nano-
particle electrodes [8, 9]. This approach is mainly carried
out by cyclic voltammetry (CV) based on a number of
assumptions: (1) a saturated adlayer of the probe species is
formed in a certain potential region; (2) the stoichiometric
ratio between adsorbed species and surface Pt atom is a
constant (for example, the ratio for Pt and H is normally
assumed to be 1:1 while that for Pt and CO is 1:x, where x=
0.65 to 0.8 depending on the research groups) [9, 13-16].
Among these processes, the under potential deposition
(UPD) processes of H and some metal cations on Pt
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electrode surfaces are commonly employed. By controlling
the negative limit of the potential sweep slightly positive
than the equilibrium potential (£.,) required for bulk
deposition, one is able to control the coverage of the
adatoms at the electrode surface in mono- or sub-monolayer
quantities with a defined structure and thus to estimate the
ECAs from the charge passed in the UPD or the subsequent
stripping processes [17, 18].

Recently, Watt-Smith et al. determined the ECAs of Pt/C
catalysts used in PEMFC from the charge densities
involved in the UPD processes of H and Ag [8]. They
reported that a variation in the ECAs between these two
methods is up to ca. 100% for a high-loaded sample whilst
the difference is ca. 30% for a low-loaded sample. They
claimed that it is quite critical to control the Ag"
concentration and deposition time for the UPD-Ag process
on these highly dispersed Pt electrode surfaces to get a
reliable charge to evaluate the surface area [8]. It is
suggested that after a certain deposition time, the deposition
of silver no longer occurs as a monolayer, instead, silver
will further deposit onto the first silver layer. Recently,
Lindstrom et al. investigated temperature and humidity
effects on the ECA of the carbon-supported Pt catalyst in
the PEMFCs using in situ CV and reported that the charges
of the CO stripping are essentially independent of temper-
ature, but that of the UPD-H decrease with temperature due
to the significant overlap with the current from the
hydrogen evolution reaction (HER) [9]. On the other hand,
they found that both charges from the UPD-H and CO
stripping decrease with humidity in the fuel cell [9]. Based
on these results, they proposed that CO stripping is more
accurate for measuring the ECAs of the electrocatalysts in a
fuel cell. All these results illustrate that systematic and
quantitative assessment of the possible errors associated
with the commonly used methods for ECA determination is
highly demanding for accurately evaluating the actual ECA
of Pt-based electrocatalysts and the utility of complex,
porous fuel cell electrodes.

In fact, some of the problems have been pointed out
qualitatively in the literature [4—6]. For example, the
stripping of UPD-H is a widely used approach for
evaluating the ECA of Pt-based electrocatalysts [8, 9, 19,
20]. From the studies using Pt single crystalline electrodes,
it is confirmed that the charge in the UPD-H region is
strongly affected by surface orientation and anion co-
adsorption. It is proposed that different ensemble sites are
necessary for UPD-H formation at different single crystal-
line faces [21-24]. Jerkiewicz pointed out that due to the
variable distribution of domains with different orientations
and its ratio to the corner and edge atoms as well as the
presence of various defect sites on the practical catalysts
surfaces, the charge density for stripping of saturated UPD-
H layer may not be a fixed constant [6]. However, these
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methods are still used without carefully taking such factors
into accounts which may have lead to misleading results in
the comparison of different electrocatalysts.

In this contribution, we present a systematic and quantita-
tive analysis of different methods used for the determination
of'the ECAs of Pt-based electrocatalysts. The charge densities
associated with UPD-H, UPD-Cu, and CO/H displacement
have been exploited to evaluate the ECAs of various Pt
electrodes, i.e., polycrystalline Pt electrodes with different
roughness factors (RF), Pt thin films chemically deposited
onto a silicon (Si) surface, and electrodes composed of Pt
nanoparticles (Pt/Vulcan from E-tek) attached to glassy
carbon (GC) electrodes with different loadings. These electro-
des are typical the ones used in fundamental and practical
research. For example, the Pt thin film electrodes deposited on
Si surface are used as a working electrode for the mechanistic
and kinetic studies of the electrocatalytic oxidation of small
organic molecules by electrochemical in situ infrared spec-
troscopy under attenuated total reflection configuration (ATR-
FTIRS) [25-29]. We found that the ECAs determined from
the charge densities associated with UPD-H, UPD-Cu, and
CO/H displacement are comparable for the Pt electrodes with
low roughness (RF < 3). However, for the Pt electrodes with
higher roughness and particle dispersion, the ECAs deter-
mined by UPD-H are usually higher than UPD-Cu and CO/
H displacement. Other methods such as CO stripping, PtOH/
PtO, adsorption and double layer charging capacitance have
also been briefly discussed.

Experimental

Pt foils (Tian Jin Aida Corp.) were firstly polished with
Al,O5; powders down to 0.5 pum, and then ultrasonically
cleaned in Milli-Q water and acetone three times each.
After that, a Pt foil was annealed by a butane flame to red
for several seconds before installing into the cell (denoted
as Pc-Pt-I hereafter). Another Pt foil was directly etched in
aqua regia for 1 h to roughen the electrode surface and was
then cleaned thoroughly with Milli-Q water (denoted as pc-
Pt-II). The Pt thin-film electrode with a thickness of ca.
100 nm is chemically deposited onto the flat reflecting face
of a hemicylindrical Si prism which was catalyzed by the
preformed Pd nuclei according to a procedure described in
ref. [25]. Working electrodes composed of Pt nanoparticles
(20% wt. Pt/Vulcan from E-tek) attached to glassy carbon
electrode with two different loadings of 30 and 60 pg/cm?
were denoted as nano-Pt-I and nano-Pt-11, respectively. The
details for the preparation procedures for the nano-Pt
electrodes have been given in ref. [30]. The geometric area
of the Pt foil and Pt thin-film electrodes exposed to
electrolyte solution in the cell is ca. 1.0 cm?, while that
for nano-Pt electrodes is ca. 0.28 cm?.
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The thin layer flow cell (cell volume of ca. 15 pl) used
in this study is described in detail in ref. [28]. Pt foil and a
reversible hydrogen electrode (RHE) were used as counter
and reference electrodes, respectively. All the potentials in
this study are given with respect to RHE. The electrolyte
flow rate was controlled by hydrodynamic pressure and a
flow rate controller at the outlet. The composition of the
electrolyte flowing through the cell can be easily changed
by switching between different electrolyte supplying bottles
under potential control. The electrolyte solution was flowed
continuously through the cell with a flow rate of 4 ml/min,
i.e., the electrolyte solution in the flow cell is expected to
be replaced ca. four times per second.

Electrode potential was controlled by a potentiostat
(CHI400a, Shanghai Chenghua, China). All the experi-
ments were carried out at room temperature. Millipore
Milli-Q water (18.2 MQ cm "), sulfuric and perchloric acid
(GR grade, from Sinopharm), CuSO,; (AR grade, from
Sinopharm) were used to prepare the solutions. The
supporting electrolyte used in all measurements in this study
was 0.5 M H,SO,4 or 0.1 M HCIO4 and was constantly
purged by N, (99.999%, Nanjing Special Gas Corp.). Before
the measurement, continuous potential cycles in the potential
region from 0.05 to 1.3 V at a scan rate of 50 mV/s in 0.5 M
H,SO,4 were carried out to clean the Pt foil or Pt thin-film
electrode surfaces until the reproducible CV was obtained.
UPD-Cu was carried out in 0.5 M H,SO4+1 mM CuSO,.
CO (99.95%, Nanjing Special Gas Corp.) was used for the
CO displacement or CO adsorption/stripping measurement
after holding the electrode potential at 0.08 V or other
constant potentials in the supporting electrolyte. All the data
were averaged over three sets of measurements.

Results

Determination of the ECA by Stripping of UPD-H
Monolayer

Figure 1 shows typical CVs (solid lines, 0.05~1.30 V,
sweep rate of 20 mV/s) on (a) pc-Pt-I and (b) pc-Pt-1I
recorded in 0.5 M H,SO,. The general shape for these two
electrodes is nearly the same, except that the amplitude of
the current for pc-Pt-1I is higher than that for the pc-Pt-I at
the same potential. The adsorption and desorption waves
for UPD-H are observed between 0.05 and 0.4 V. Two pairs
of redox peaks are observed at 0.27 and 0.12 V, which are
attributed to strongly and weakly adsorbed H atoms at the
Pt surfaces with (100) and (110) orientations [10, 21, 22],
respectively. A flat current region (so-called double-layer
region) is observed from 0.40 to 0.75 V. With a further
positive shift in electrode potential, an oxidation wave
appears at E>0.85 V, and a reduction peak appears around
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Fig. 1 CVsofa pc-Pt-1 and b pc-Pt-1I electrodes in 0.5 M H,SOy (solid
line, 0.05~1.3 V), 0.5 M H,SO4+1 mM CuSOy, (line with circle,
0.20~0.85 V), and in 0.5 M H,SO, after holding at 0.245 V for 300 s
in 0.5 M H,SO4+1 mM CuSOy (line with square, 0.20~0.85 V); scan
rate=20 mV/s

0.8 V in the subsequent negative-going sweep. This pair of
redox peak is attributed to the formation and reduction of Pt
hydroxide/oxide (PtOH/PtO,) at the Pt electrode surface.
All these features are similar to those reported in the
literature [31-33].

Figure 2 displays a typical CV (solid line) of the Pt
thin film chemically deposited on a Si surface under
similar conditions. The features of the CV are generally
similar to those of the Pt foils (Fig. 1) while the peaks
at 0.28 and 0.13 V are less sharper, which may be due to
the rough nature of the chemically deposited Pt thin-film
surface which contains domains with various orientations.
Figure 3 shows typical CVs (solid line) of 20% wt. Pt
nanoparticles supported on Vulcan 72 attached to a GC
electrode with loadings of (a) 30 pg/cm? (nano-Pt-I) and
(b) 60 pg/em? (nano-Pt-IT) recorded in 0.5 M H,SO,4 under
similar conditions. From Fig. 3 it is seen that the peak height
and peak area for UPD-H increase with Pt loading.
Compared to the Pt thin-film electrode (Fig. 2), the peaks
for the UPD-H and surface oxide formation/reduction on the
nano-Pt electrodes become even broader. Furthermore, it is
found that for both the Pt thin-film and nano-Pt electrodes
the peak height and peak area in negative-going sweep are
always higher than those in the positive-going sweep.
Similar issues have also been observed by other groups,
and its reason is not clear at the present stage [8, 9, 34].

In the present work, the charge determined from the
stripping process of the adsorbed UPD-H monolayer on
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Fig. 2 CVs of a chemically deposited Pt thin-film electrode in a 0.5 M
H,S0y (solid line, 0.05~1.3 V), b 0.5 M H,SO,+1 mM CuSOy (line with
circle, 0.20~0.85 V), and ¢ 0.5 M H,SO4+1 mM CuSQy; after holding at
0.245 V for 300 s (line with square, 0.20~0.85 V); scan rate=20 mV/s

the Pt electrode (Qy) is adopted to estimate the ECAs for
all these Pt electrode surfaces. The negative limit for the
formation of a monolayer of UPD-H atoms at Pt electrodes
in 0.5 M H,SO,4 or 0.1 M HCIQy, is assumed to be 0.05 V
as usual [4, 10, 35]. If we know the charge density (Qs, in
unit of microcoloumb per square centimeter) for the
stripping of a monolayer of the UPD-H atoms on a

30 pg/cm? 20% wt. Pt/C

O B e B
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Fig. 3 CVs of nano-Pt electrodes composed of 20% wt. Pt/Vulcan
nanoparticles with catalysts loading of a 30 pg/cm? and b 60 pg/cm?
in 0.5 M H,SOy (solid line, 0.05~1.3 V), in 0.5 M H,SO4+1 mM
CuSOy (line with circle, 0.20~0.85 V), and in 0.5 M H,SO, after
holding at 0.245 V for 300 s in 0.5 M H,SO4+1 mM CuSOy (line with
square, 0.20~0.85 V); scan rate=20 mV/s
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reference Pt electrode with a well-defined surface struc-
ture, an ECA can be determined according to the
following equation:

_Ou

Os
However, on a polycrystalline Pt electrode surface, it is
difficult to get an exact value of Qg for UPD-H due to the
reasons mentioned in the “Introduction” section. Usually,
an empirical value of 210, 220, or 230 uC/cm? has been
suggested for Qg, depending on the research groups [10,
36, 37]. The ECAs determined from the stripping process
of the UPD-H monolayer are calculated according Eq. 1
and are listed in Table 1. In the present work, we found
that for the smooth Pt electrodes Qg of 220 puC/cm? gave
less deviations for the ECAs results with other approaches,
thus this constant is chosen in this work.

A (1)

Determination of the ECA by Stripping of UPD-Cu
Monolayer

Based the Nernst equation [38], equilibrium potential (Eeq)
for Cu bulk deposition in the solution is estimated to be ca.
0.25 Vin 0.5 M H,SO, containing with 1 mM Cu*'. From
a thermodynamic point of view, it is expected that the UPD
and bulk deposition (i.e., overpotential deposition, OPD) of
Cu will take place on the potential region more positive and
negative, respectively, than the E.q. Typical CVs of UPD-
Cu on Pt foils, Pt thin-film, and nano-Pt electrodes recorded
in 0.5 M H,SO4+1 mM CuSO, between 0.20 and 0.85 V
(sweep rate, 20 mV/s) are displayed in Figs. 1, 2, and ~3
(line with circles). From Fig. 1, it is seen that at the Pt foil
electrode the UPD-Cu takes place in a broad potential
region from 0.8 V down to ca. 0.24 V (with a plateau from
0.7 to 0.4 V and a small peak at ca. 0.35 V), and at ca. E<
0.24 V, a bulk deposition of Cu takes place. In the
subsequent positive-going potential scan, in addition to
the anodic dissolution peak for the OPD-Cu around 0.2 V,
the stripping of the UPD-Cu is observed in the potential
region from 0.3 to 0.8 V, but the peaks are positively shifted
for more than 50 mV from E.q. The slight negative and
positive shifts for the respective UPD-Cu and oxidative
stripping of UPD-Cu adlayer indicate that a small over-
potential exists for such processes, as in agreement with
literature results with pc-Pt electrode [12] but in contrast to
the results from single crystalline electrodes [39]. The CVs
for UPD-Cu on Pt thin-film (Fig. 2) and nano-Pt (Fig. 3)
electrodes are generally similar to that for Pt foil electrodes
but exhibits broader peak width and different peak height
ratios, which may be attributed to the increase of surface
roughness of the Pt thin-film and nano-Pt electrodes.
From the CV (circle in Figs. 1, 2, and 3) we are sure that
the UPD-Cu processes occur; however, it is hard to



Electrocatal (2011) 2:207-219

211

Table 1 ECAs and nominal roughness factor of Pt foils (pc-Pt-I and
pc-Pt-1T), chemically deposited Pt thin-film and electrodes composed
of carbon-supported Pt nanoparticles (20% wt. Pt/XC-72, nano-Pt-I:

30 upg/em?, and nano-Pt-II: 30 pg/cm?) as determined by charge
measurements of UPD-H, UPD-Cu, and CO/H displacement at 0.08 V

Geometric surface Active surface area (cm?) Roughness factor UPD-H/UPD-Cu
area (cm?) factor deviation
On,ivL Ocu, 1ML QCO/Hupd
220 uCxcm—2 420 uCxcm—2 152 uCxcm—2

pe-Pt-1 1 1.21+0.04 1.21£0.04 1.20£0.04 1.21 0
pe-Pt-11 1 2.43+0.07 2.38+0.07 2.38 2%
Pt film 1 7.71+0.23 7.27+0.22 7.41+0.22 7.27 6%
nano-Pt-1 0.28 5.97+0.18 5.11+0.15 3.83+0.16 18.25 17%
nano-Pt-1T 0.28 12.75+0.38 10.51+0.32 37.54 21%

The column of “UPD-H/UPD-Cu deviation” denotes the deviation of the surface area determined from the UPD-H method taking a calibration
constant of 220 uC/cm? from that obtained using the UPD-Cu method. See text for details

determine the exact negative limit for the formation of UPD-
Cu monolayer due to the facts that (1) a small overpotential is
involved for the UPD process and its subsequent stripping
processes and (2) the OPD-Cu process takes place immedi-
ately after the formation of UPD-Cu monolayer. As a result,
the superimposition of the current peaks for both UPD and
OPD processes in the CV curves can significantly affect the
charge determined for the formation of UPD-Cu monolayer.
To solve this problem, the following experimental procedure
was exploited by taking the advantage of facile change of the
electrolyte with a flow cell.

pc-pt-l: RF=1.2

150

E/V vs RHE

Fig. 4 Voltammetric stripping curves of UPD-Cu at a pc-Pt-I and b
pc-Pt-1I electrodes in 0.5 M H,SO,4 with various negative limits (£y)
of potential sweep. The Cu adlayer is formed in 0.5 M H,SO,4+1 mM
CuSO, by scanning from 0.85 V down to £y for 300 s. The base CV
(solid line) is recorded in 0.5 M H,SO, for reference. Scan rate,
20 mV/s. Inset in a is a i—t curve at pc-Pt-I during CO/H displacement
at 0.08 V after switching to CO saturated 0.5 M H,SO, at ca. 0 s

The Pt electrode was firstly scanned in the potential
region from 0.05 to 1.30 V in 0.5 M H,SO, repeatedly to
remove any possible contaminants at the electrode surface,
then an electrode potential was held at 0.85 V, and the
electrolyte was switched to 0.5 M H,SO4+1 mM CuSO,.
After that, the electrode potential was swept to a different
negative limit of £y near Eq (0.23 V<E<0.26 V, in steps
of every 5 mV), and then it was kept at £y for 5 min to
ensure UPD-Cu to take place completely. Throughout the
process, a continuous flow of solution (0.5 M H,SO4+
1 mM CuSOy,) through the cell with a rate of 4 ml/min is
maintained. The purpose for using a holding time of 5 min
at E and electrolyte flow is to exclude any possible effect
from the mass transport or the surface diffusion.

200 |- 9’\\ Pt film electrode
y
100
< °r
=1
~
-100 | |
0
—o=—0.235V ——0.24V :
200 ——0.245V 0.25V <E:
-
1 1 1 1 ._0|O 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/V vs RHE

Fig. 5 Voltammetric stripping curves of UPD-Cu at a chemically
deposited Pt thin-film electrode in 0.5 M H,SO,4 with various negative
limits (Ep) for Cu deposition. The Cu adlayer is formed in 0.5 M
H,SO4+1 mM CuSO, by scanning from 0.85 V down to Ep and
holding at E; for 300 s. The base CV (solid line) recorded in 0.5 M
H,SO, is given for reference. Scan rate, 20 mV/s. Inset: i—t curve at
the Pt thin-film electrode during CO/UPD-H displacement at 0.08 V
after switching to CO saturated 0.5 M H,SO4 at 0 s
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Fig. 6 Voltammetric stripping curves of UPD-Cu at 20% wt. Pt/C
nanoparticle electrode with catalysts loading of a 30 pg/cm? (nano-Pt-
I) and b 60 pg/cm? (nano-Pt-11) in 0.5 M H,SO, with various negative
limit (£,) for Cu deposition. The Cu adlayer is formed in 0.5 M H,SO4+
1 mM CuSOy by scanning from 0.85 V down to Ep for 300 s. The
base CV (solid line) is recorded in 0.5 M H,SO, for reference. Scan
rate, 20 mV/s. Inset: i—t curve recorded at nano-Pt electrodes during
CO/H displacement at 0.08 V after switching to CO saturated 0.5 M
H2SO4 at0s

Then after, the electrolyte is switched back to 0.5 M
H,SO,4, and the inlet tubes and the cells were carefully
washed when holding the electrode potential constant at £y .
After that the potential sweeping is resumed continuously
down to 0.05 V at which the scan direction was reversed,
and the subsequent positive scan for Cu stripping was
recorded. It should be noted that the dissolution of UPD-Cu
adatom is negligible when holding the electrode potential at
Ey in Cu*"-free solution, as is manifested by the negligible
current which flows through the electrode during such
processes as well as by the negligible differences in the
stripping charge for UPD-Cu carried out immediately after the
cleaning procedure or after waiting at £y for 300 s or longer.

Figures 4, 5, and 6 show sets of representative CVs for
the stripping process of UPD-Cu adlayer on Pt foils, Pt
thin-film, and nano-Pt electrodes at a scan rate of 20 mV/s
in the flow cell. From Fig. 4, it is seen that at Pt foil
electrodes an additional anodic peak around 0.32 V appears
only when the negative limit of the potential sweep is lower
than 0.24 'V, indicating that the OPD-Cu starts to occur at
E<0.24 V. Based on the results given in Figs. 4, 5, and 6,
the negative limit of the potential sweep for the formation
of a monolayer of UPD-Cu on Pt foil and Pt film is found
to be 0.245 V, while that for nano-Pt electrodes is ca.
10 mV more negative. It should be mentioned that we have
paid great attention for the solution preparation and have
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calibrated the RHE very carefully before each measurement
to make sure that such small variations are not due to the
small drift of RHE electrode or the pH difference of the
electrolyte solution (Fig. 7).

On the other hand, it should be mentioned here that in
order to get a saturated charge for UPD-Cu on the Pt
electrode surfaces, a waiting time (usually longer than
300 s) at Ey is necessary for the chemically deposited Pt
thin-film or highly dispersed nano-Pt electrodes. For
example, it is seen that the subsequent potential cycle of
Pt film electrode in 0.5 M H,SO, in the flow cell after
holding at 0.245 V for 300 s in 0.5 M H,SO4+1 mM
CuSO, shows a higher (ca. 12%) stripping charge of UPD-
Cu than that observed in 0.5 M H,SO,+1 mM CuSOy4
without holding at £ for some time (Fig. 2). In fact, this
tendency becomes more obvious with the increase of
surface roughness (Figs. 1, 2, and 3). This indicates that
more UPD-Cu adatoms are deposited on the Pt electrode
surface after a period of waiting time at E;. We have
extended the waiting time at Ep up to 1,800 s, and no
further increase in the charge for UPD-Cu is observed when
the holding time is longer than 300 s for both Pt film and
nano-Pt electrodes, thus we are sure that a saturated Cu
adlayer is formed under this condition. On the other hand, a
similar time dependence of UPD-H at constant potentials is
not observed on these Pt electrode surfaces in the present
study. Such a phenomenon may be related to the slow mass
transport of Cu(H,0)>" into the inner surfaces of the rough
Pt film or nano-Pt electrode or the slow diffusion of Cu
adatoms along the surface after its deposition.

Therefore, the ECAs are calculated using the stripping
charges for UPD-Cu after holding at £y for 300 s in the
flow cell, with an empirical value of 420 uC/cm? for Qs as
suggested in the literature [5, 11] and after proper
correction of the effects of double layer charging and H/
anion adsorption (Fig. 7) The ECA values are summarized
in Table 1, and the corresponding RFs are estimated based
on the known geometric area. As expected from the sample
preparation, RFs increase in a sequence of pc-Pt-1 (1.2), pc-
Pt-II (2.4), Pt thin film (7.2), nano-Pt-I (18.2), and nano-Pt-
I (37.5).

Determination of the ECA by CO Displacement and CO
Stripping Method

CO is known to adsorb on the Pt electrode surface strongly,
and it can displace most other pre-adsorbed species such as
anions and H atoms. From a series of systematic studies,
Feliu and Clavilier demonstrated that the CO displacement
method can be used to quantitatively analyze hydrogen and
anion adsorption on the platinum single crystal electrode
[40, 41]. It is found that at Pt(111) electrode the charge
density for CO/H displacement at 0.08 V is ca. 152+5 uC/
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Fig. 7 A schematic illustration of the commonly used method (a) and
the method used in the present study (b) for double layer correction
for deriving the charge for UPD-Cu layer

cm? in various acid solutions even with certain amounts of
anions such as HSO4 , CI", Br, and C,0,>, which may
adsorb on the Pt electrode surface at more positive
potentials [40, 41]. In comparison with the UPD-H and
UPD-Cu methods, the CO/H displacement method has a
number of advantages: (1) the existence of anions in the
solution does not affect the CO/UPD-H displacement
charge at 0.08 V which is negative enough to avoid
adsorption of most of the anions in the solution; (2) the
displacement potential (0.08 V) is just positive of the onset
for HER, thus an interference from the HER current is also
excluded; (3) the measurement is done at constant potential,
the errors associated with double layer capacitance changes
is also smaller.

In the present study, the ECAs of all the Pt electrodes
examined were also evaluated by measuring the charge for
CO/H displacement at 0.08 V:

— Oco/Hypmat0 08V 2)

4=
152uC x cm—2

Three representative sets of i~ curves recorded during CO/
UPD-H displacement at 0.08 V for pc-Pt-1, Pt thin-film, and
nano-Pt electrodes are given in the insets of Figs. 4, 5, and
6. From the i—t curves recorded during the CO/H
displacement process, it is found that the current for the
oxidative removal of UPD-H first increases upon the
introduction of CO containing solution, and it reaches the
maximum within a few seconds, then after, it drops with
time. Although, the electrolyte flow rate is largely kept the
same, the time for the H oxidation current drops to ca. zero

increases with the roughness or dispersion of the catalysts
in the film electrode. For Pt film, within ca. 15 s, the CO
adsorption is nearly finished, while for nano-Pt electrodes,
it takes more than 2 min (see Figs. 6 and 8). Such tendency
is quite similar for the case with UPD-Cu process as
discussed in the section “Determination of the ECA by
Stripping of UPD-Cu Monolayer,” which is most probably
related to mass transport resistance for CO molecules to
reach the inner side of the catalyst layer. The ECAs
determined according to Eq. 2 are also given in Table 1.
It should be mentioned that in order to get a reliable
displacement charge, in addition to allow long enough CO
adsorption time, one has to pay great care in the experiment
to make sure that a trace amount of O, has been removed
from the cell system to avoid any interference from oxygen
reduction reaction.

On the other hand, the stripping charge of a
saturated CO adlayer has also been widely used to
determine the ECAs of Pt electrodes [4, 5, 8, 9].
However, due to the facts that (1) the coverage and
adsorption configuration (population of atop, bridge, and
hollow sites) at Pt electrodes change with the potential
and surface orientations of the Pt electrode [14, 34] and
(2) the distribution of the domains with different
orientations and the presence of various defect sites on
the practical Pt catalysts surfaces, similar to that of UPD-
H, defining a calibration constant (Qs) for ECA determi-
nation by CO stripping is not easy. In fact, different
research groups choose different saturated CO,4 coverage
in their studies (c0=0.6 to 0.8 ML) [9, 13—16]. In the
present study, we have also checked the applicability of
this method. It is found that for smooth pc-Pt foil

60 -

t/s

Fig. 8 i—t curves for the CO adsorption on to 20% wt. Pt/C
nanoparticle electrode with catalysts loading of 30 pg/cm? (nano-Pt-I)
at different various constant potentials (Ey) as indicated in the figure
(the adsorption/stripping sequence is from 0.3 V down to 0.05 Vand
then to 0.08 V)
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electrodes, the ECAs determined by the stripping charge
of a saturated CO adlayer using the methods suggested by
Feliu et al. [10, 14, 42] are similar to that of the UPD-Cu
method under the assumptions that the saturated coverage
of CO, is 0.7 ML and the charge density for the
oxidation of the CO monolayer is 420 uC/cm?.
However, for chemically deposited Pt thin-film and
highly dispersed nano-Pt electrodes, the ECA of the same
electrode decreases with the times of the repeated CO
adsorption and stripping measurements; this can be easily
seen from Fig. 9, where one representative set of
voltammetric curves for the oxidative stripping of a
saturated CO adlayer at 20% wt. Pt/C nanoparticle
electrode with a catalyst loading of 30 pg/cm?® in 0.5 M
H,SO, is displayed. The corresponding results from Fig. 8
and 9 are summarized in Table 2. From Fig. 9 and Table 2, it
is clearly seen that after ca. four times of CO adsorption and
stripping, a decrease in ca. 22% of the ECA (to the initial
value) is observed. The decrease in ECA of the same
electrode after the sequential CO adsorption and desorption
is also evidently seen from the base CV recorded right after
each measurement (Fig. 9). The ECAs for nano-Pt electrodes
do not change with the repeated UPD-Cu and subsequent
stripping of the Cu adlayer, this is clearly seen from Fig. 6
where the current peaks for UPD-H and Pt oxide reduction
do not change after consecutive UPD-Cu and stripping.
Hence, the detachment of Pt nanoparticles from the
electrode surface induced by the forced electrolyte flow as
well as the smoothing effect by UPD-Cu and the subse-
quent Cu stripping are excluded. Such continuous decrease

—o—0.30V CO stripping
—>—0.20V CO stripping
——0.10V CO stripping
—v—0.08V CO stripping
—=—0.05V CO stripping
—+—0.08V CO stripping2

AN

0.6

i/ mA

00
Z E /Vvs RHE
0.8

0.3 F N

0.2 0.4 0.6 0.8
E/V vs RHE

Fig. 9 Voltammetric stripping curves of saturated CO adlayers at 20%
wt. Pt/C nanoparticle electrode with catalysts loading of 30 ug/cm? in
0.5 M H,SOy. The curves are measured on the same electrodes after
sequential CO dosing and stripping, the CO adlayer is formed by
flowing through the cell with CO saturated solution at potentials of
0.3, 0.2, 0.08, 0.05, and 0.08 V, sequentially. The inset is the
magnification of the CVs in the region for Pt oxide reduction in order
to help to discern different curves
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in ECAs of the nano-Pt electrode with repeated CO
adsorption/stripping cycles may probably be due to the
CO-induced annealing of the Pt surface by smoothing the
nanoparticles or the surface defects as well confirmed in the
literature [43, 44].

Evaluation of Other Methods for ECA Determination

Besides these methods discussed above, we have also
evaluated two other simple techniques, i.e., OH/O
adsorption and double layer capacitance as suggested in
the literature [5, 8, 9], in order to figure out a simple
method to reasonably evaluate the ECAs of various Pt
electrodes. As for measuring the charge for the formation
of a monolayer of PtOH and/or PtO, on the electrode
surface in the supporting electrolyte solution by CV,
unfortunately, we found that the upper limit of the CV
for the formation of PtOH and PtO, monolayer depends
critically on the potential scan rate (Fig. 10 and Table 3),
electrolyte composition (Fig. 10 and Table 3), as well as
the surface roughness of the Pt electrode (or nanoparticle
size, see Fig. 11), similar to what has been reported in the
literatures [35].

The effect of electrolyte composition on the PtOH and Pt
oxide formation rate can be also seen from the differences
of CVs recorded in 0.1 M HCIO4 and 0.5 M H,SO, as
given in Fig. 10. As for the catalyst dispersion effects, it is
found that the smaller the particle size, the higher the rate
for the hydroxide/oxide formation on the nano-Pt surface
under otherwise identical conditions (Fig. 11). Furthermore,
the charge involved in the anodic scan region is always
higher than that for the cathodic scan region for PtOH or
PtO, reduction, and the changes between these two cases
depends largely on the catalysts structure/dispersion (inset
of Fig. 11). This indicates that at a higher potential (E>
0.8 V) a gradual dissolution of Pt may take place on these
highly dispersed Pt catalyst surfaces. The rate for Pt oxide
formation and reduction is also structure dependent. From
the above analysis, we think it is hard to use the OH/O
adsorption method to evaluate the ECAs especially for the
practical Pt-based electrocatalysts with high roughness and
dispersion.

Another commonly used method is measuring the
double layer capacitance by CV. Obviously, the method
cannot be applied to carbon-supported Pt electrodes since
the carbon support will contribute to the capacitance. CVs
in the potential region from 0.4 to 0.75 V for pc-Pt-1, pc-Pt-
I, and Pt thin-film electrodes are recorded at different
sweep rates from 10 to 500 mV s~ and displayed in the
insets of Fig. 12. Under such conditions, the double layer
capacitance (Cy) can be expressed as below:

C; = dQ/dE = i - dt/dE = i/(dE/dt) (3)
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Table 2 The charges for CO adsorption and stripping as well as the
active surface area of nano-Pt-I electrode (20% wt. Pt/XC-72, 30 ug/cm?)

at various constant potentials as calculated according to QS oxidation—

CO stripping Pt CO adsorption CO oxidation
total - Qox+Qinitial ( net is the SOUght-aﬁer net

charge density corresponding exclusively to the faradaic oxidation of
the CO adlayer. 0°C PP ig the charge density obtained by integration

total

of the CO-stripping voltammogram between E4 and Egpa, QE}( is the

charge density obtained by integration of the Voltammogram of the
CO-free surface between the same potential limits, and OF 24P jg
the charge density displaced at E4 by the potentiostatic adsorption of
CO) [42] and assuming that the charge density for oxidation of a
CO,4 monolayer is 420 uC/em? and the saturated COnq coverage is

of ca. 0.7 ML

Adsorption E/V 03 0.2 0.1 0.08 0.05 0.08

ot — OB /uC 1,881 1,429 1,103 1,093 1,070 945
Ofaemion /¢ -5 234 614 567 653 518
Area (cm?) 6.38 5.66 5.84 5.65 5.86 4.98

The original data are given in Figs. 8 and 9

where i is the current measured at various scan rates, dE/dt
is the potential scan rate. From the set of CVs shown in
Fig. 12, the current at 0.55 V is plotted as a function of
potential scan rate and shown in Fig. 12. The slope of the
linear plot in Fig. 12 gives the value of Cy for the Pt foil
and Pt thin-film electrodes under examination. Taken that
the real surface area of pc-Pt-I, pc-Pt-II, and Pt thin-film
electrodes as determined by UPD-Cu, we found that the
slopes are ca. 52+8 pF/cm? in the potential region from 0.4
to 0.75 V for all three kinds of Pt electrodes and increases
slightly with the surface roughness. The capacitance
deduced in the present study is close to what is reported
in the literature under otherwise identical conditions [45].
As is seen from the above values, the deviations of Cy values
determined can be as high as 15%. In a word, double layer

—0.1IMHCIO,
—— 0.5M HZSO4

02

0.0 -

i/ mA

-0.2 +
100 mV/s|

i/ mA

-0.1
50 mV/s

i/ mA

02 04 06 08 10 12
E/V vs RHE

Fig. 10 CVs for pc-Pt-I electrode in 0.1 M HCIOy (solid line) and
0.5 M H,SOy (line with square) at different scan rates

capacity measurement can only be used for a rough eval-
uation of the surface area of nonsupported Pt electrodes.

Discussion
Comments on UPD-H Method

The UPD-H method is the most widely used method for the
determination of ECAs of monometallic Pt electrocatalysts
[8, 9, 19, 20]. Jerkiewicz has pointed out that the
distribution of different planes and the distribution of
corner and edge atoms in the catalyst surfaces may be
different and the percentage of the latter is significant, thus
the charge for the formation of a saturated H adlayer at Pt
electrode will change with the catalyst structure and
dispersion [6]. Recently, Lindstrom et al. have also
demonstrated that changing the wetting extent due to the
change in cell temperature and humidity can also easily
change the ECA determined by UPD-H methods [9]. In
addition to the abovementioned problems, another effect
exists. This will be discussed below.

Comparing the results in Table 1, it is found that for the
Pt foil and thin-film electrodes the ECAs obtained by the
stripping of UPD-Cu as well as CO/H displacement are
quite close to that deduced from the stripping of UPD-H
with a scan rate of 20 mV/s. The deviations between these
three methods are below 2% for the Pt foil electrode, and it
becomes slightly larger for the Pt thin-film electrode (ca.
6%). These numbers are within the range of experimental
error. On the other hand, for highly dispersed nano-Pt
electrodes, the ECA values determined from the three
methods vary in the order that CO/H displacement at
0.08 V<UPD-Cu<UPD-H under an otherwise identical
condition. For the nano-Pt-I electrode, it is found that UPD-
Cu can be ca. 25% higher than that for CO/H displacement
(see Table 1),and the ECAs from the UPD-Cu methods can
also be as large as 20% smaller than what is determined
from the UPD-H method. The significant deviations
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Table 3 The effects of potential scan rate and electrolyte composition on the ECAs and roughness factor of pc-Pt-1 electrode determined using the

CVs given in Fig. 11

20 mV/s 50 mV/s 100 mV/s

0.1 M HCIO,4 0.5 M H,SO4 0.1 M HCIO, 0.5 M H,SO4 0.1 M HCIO, 0.5 M H,SO4
Alem? 1.824 2.013 1.756 1.994 1.623 1.988
Roughness factor 1.140 1.258 1.098 1.246 1.015 1.242

between the UPD-Cu and CO/H displacement methods are
not clear so far, anyway due to the CO annealing problem,

a
20 - 4
0r E/V vsRHE
| 0.90 1.05 1.20 1.35 1.50
<1 T T
< 200rL TV YW r------ Lo
40 | Qosop _____
G015t = O adsorpotion
-60 + e O desorpotion
1 1 1 1 OIOO N 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E/V vs RHE

<<
=
W O adsorpotion
) ) ) ) I0 ) [ ] ) o desorpotion
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E/V vs RHE
200 ¢
100
< ol
= E/V vs RHE
~ | 1.0 1.2 1.4
100 || 3 '
-200 i Q2
Sil
-300 +
! ! ! ! 1 0 f ! !
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E/V vs RHE

Fig. 11 CVs of pc-Pt-1, Pt film and nano-Pt-I electrodes with different
positive potential limits (Ey), scan rate=20 mV/s. The insets give the
charges for the oxidation of Pt and reduction of Pt oxide when
scanning to different Eyy
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in the following, we will mainly focus on the comparison
between the UPD-Cu and UPD-H method.

Comparing the results from the nano-Pt electrodes in
Figs. 3, 6, and Table 1, it is found that the higher the Pt
catalyst loading, the higher the deviation of the charges
obtained by UPD-H and UPD-Cu methods. As shown in
Table 1, in the case of Pt thin-film electrodes (RF~=7),
approximately 6% of the surface sites which are accessible
to H atoms cannot be used for UPD-Cu, while in nano-Pt-1
(RF~18), and nano-Pt-II electrodes (RF~38) such differ-
ences increase to 17% and 21%, respectively. This is
evident from the CVs given in Figs. 5 and 6 where an
obvious UPD-H current is observed even after a saturated

i/uA

I

150 | %, 76: E
I 100
-300 |+
| -200
0 100 200 300 400 500
v/mV s

Fig. 12 Dependence of the double layer charging current at 0.55 V as
a function of scan rate. /nset: a typical set of cyclic voltammograms of
a pc-Pt-1 and b pc-Pt-1I electrodes and ¢ Pt film electrode recorded in
0.5 M H,S0Oy in the potential region from 0.35 to 0.75 V with scan
rates from 10, 20, 50, 100, 200, 300 to 500 mV s~
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UPD-Cu adlayer is formed or even a bulk Cu deposition
occurs. A similar phenomenon is also observed after a
saturated CO adlayer is formed (Fig. 9). All the results
indicate that the Cu or CO adlayers cannot fully suppress
the H adsorption at some sites of the rough Pt film or nano-
Pt electrodes. Furthermore, we found that in Pt thin-film
and nano-Pt electrodes, the ratio between the charge for
UPD-H and that for the reduction of Pt oxide formed when
scanning for the same higher potential limit are higher than
that from Pt foils under otherwise identical conditions
(Figs. 1, 2, and 3). This can be seen more clearly from
Fig. 13 where the CVs for pc-Pt-I foil and Pt thin film are
plotted in the same figure but with the current from Pt foil
magnified by 5.4 so that for both cases the Pt oxide
reduction currents are comparable.

When we just had the results for the Pt film electrode
which we used intensively for the kinetic studies of the
oxidation of small organic molecules with ATR-FTIRS, we
have initially thought that this might be due to the fact that
H may even adsorb/absorb at the Pd nuclei which are used
as the seeds for Pt film growth. This possibility is excluded
from the present study since a similar tendency is also
observed in nano-Pt electrodes where we are sure that no
Pd exists, and the deviations become even larger for the
electrodes composed of highly dispersed nanoparticles. One
of the possible origins for these phenomena can be related
with the fact that H may adsorb at the inner surfaces (e.g.,
pores inside the nano-Pt electrodes) of these rough Pt thin-
film electrodes at the metal surface [46]. On the other hand,
these surface sites are inaccessible to other species with
larger diameters such as CO, H,0, OH/O, and Cu(H,0),*".
Thus, the ECAs for the rough Pt electrodes obtained using
these probes give smaller values. Obviously, these extra H

200

= pc-Pt-1
—o— Pt-film electrode
100 -

i/ uA

-100 -

-200 -

-300 s 1 s 1 s 1 s 1 s 1 s 1
0.2 0.4 0.6 0.8 1.0 1.2

E/V vs RHE

Fig. 13 CVs of pc-Pt-1 (solid line) and Pt thin-film (line with square)
electrodes in 0.5 M H,SO4 from 0.05 to 1.3 V, scan rate=20 mV/s.
The current for pc-Pt-I electrode has been magnified 5.4 times to
ensure that the currents in the double layer region and of the Pt oxide
reduction for the two CVs are nearly superimposed on each other

adsorption sites at the inner side or inside the pores of the
Pt thin-film or nano-Pt electrodes may also be inaccessible
for other reactants such as the small organic molecules or
gases used in PEMFCs. This suggests that the UPD-Cu,
CO/H displacement, and CO adsorption/stripping methods
may give lower but more accurate values for actual ECAs
used in the studies on electrocatalytic reactions. However,
as discussed in the section “Determination of the ECA by
CO Displacement and CO Stripping Method” for the
method using CO, the adsorption of CO and the subsequent
stripping of CO,q may cause the annealing of relatively
rough electrode surfaces [43, 44].

Based on the results given above, we conclude that for
determining the ECA of Pt electrodes with roughness
factors below 3, these methods (i.e., UPD-H stripping,
UPD-Cu stripping, and CO/H displacement) can be served
with similar accuracy levels using a moderate scan rate of
20 mV/s in 0.5 M H,SO, (it should be noted that scan rate
and anions adsorption may cause addition deviations,
Fig. 10 and Table 3), and our results demonstrated that in
0.5 M H,SOy, a calibration constant of 220 uC/cm? with a
scan rate of 20 mV/s is more appropriate than 210 uC/cm?.
It should be mentioned that in the literature [4], some
authors also assume that H coverage at 0.08 V
corresponding to 0.77 ML, if this value is taken as a
calibration constant, even for smooth Pt foil, the area
determined from UPD-H method is 17% higher than that
for UPD-Cu, thus this method should be discarded. Last
and most importantly, for rougher Pt film or nano-Pt
electrodes with high dispersion, one should be careful
when using the UPD-H method to determine the ECAs; the
deviations between UPD-Cu and UPD-H methods can be
more than 20%. If taking the constant of 210 uC/cm? as
commonly used in the literature, the deviation between
UPD-Cu and UPD-H will be even larger.

Comments on the UPD-Cu Method

For relatively rough Pt thin-film or highly dispersed nano-
Pt electrodes, the UPD-Cu method gives ECAs of the
surface sites usual accessibility to most reactants, in
contrast to the UPD-H method. Furthermore, the UPD-Cu
method does not cause an appreciable annealing effect as
the CO adsorption/stripping methods do. Hence, we think
that the UPD-Cu method is more suitable for the determi-
nation of ECAs of the highly dispersed Pt electrode in such
aspect. It should be emphasized that when using the UPD-
Cu method to determine the ECAs of Pt electrocatalysts, an
accurate determination of the net charge associated in the
formation/stripping off of the Cu monolayer is critical. In
order to reach such a target, one should pay attention to the
following issues: (1) the negative limit of the potential
sweep or potentiostatic deposition of Cu and the accuracy
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of the reference electrode itself; (2) a holding time should
be long enough to allow the Cu”" to reach all the surface
atoms especially those close to the inner pores which are
still accessible by probing molecules; (3) to exclude
charging contribution from the UPD-H and anion adsorp-
tion (see Fig. 7 on how to carry out such a correction). With
a flow cell, as used in the present study, such experiments
can be easily done.

However, when using a normal stationary three-electrode
cell to carry out such tasks, it will be difficult to figure out the
lower potential limit when a full monolayer of Cu is formed,
since under such conditions: (1) one has to switch off the
potential control, carefully washing the cell and then change
the electrolyte; and (2) one cannot avoid partial oxidation of
the Cu adlayer during such process when the potential is out of
control. Another option is to use the literature results as we
have reported here as the lower potential limit, then it is
necessary to pay great attention to avoid any potential drift
associated either with the cell through ohmic drop or due to
the drift by RE, as already mentioned above. In such case,
one has to use the CVs for deposition and stripping of UPD-
Cu in a Cu”" containing solution. Under such circumstance,
we would suggest taking the background recorded in a Cu®'-
free solution for double layer correction (for details see
Fig. 7). Obviously, the tricks discussed above are also very
critical for surface area determination using the UPD method
with other metals.

Conclusions

Various methods, i.e., measuring the charges for the formation
or oxidative stripping of probe species such as Cu, H, OH/O,
and CO, potentiostatic CO/H displacement as well as double
layer capacitance have been used to determine the ECAs of Pt
electrodes with various roughness and dispersion, i.e., Pt foils,
chemically deposited Pt thin film, and carbon-supported Pt
nanoparticles. The deviations between different methods have
been analyzed quantitatively, and possible origins for such
deviations have been discussed.

By assuming that the charge for the formation of a full
Cu monolayer of 420 uC/cm? and UPD-H charge of ca.
220 pC/cm? and CO/H displacement charge at 0.08 V of ca.
15245 uC/em?, the ECA for relatively smooth Pt surface
(RF<3) derived from the stripping charge of under
potential deposited Cu/H atoms or CO/H displacement are
well consistent with each other.

As for rougher and highly dispersed nano-Pt electrodes,
the deviation of the ECA determined using the UPD-H and
UPD-Cu methods can be higher than 20%; this is explained
by the H adsorption into the inner pores between the
nanoparticles in the highly dispersed film electrodes, which
are not accessible for Cu atoms or other species with large
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diameters. The CO/H displacement and CO stripping
methods are not appropriate for the determination of ECA
of rough film nano-Pt with high dispersion, since adsorbed
CO molecules cause a significant annealing effect (more
than 20% decrease in ECAs after four consecutive times of
adsorption and stripping) which changes the catalysts
surface structure.

For the OH/O adsorption method, it is not possible to
establish a general standard for the upper potential limit
where a full monolayer of PtOH and PtO, is formed, since
Pt oxide formation/reduction depends critically on particle
size and film roughness, electrolyte composition as well as
electrode scan rate. The errors for the double layer
capacitance can be as high as 15%.

Among all the techniques, our results reveal that for
electrodes composed of highly dispersed Pt nanoparticles,
ECAs obtained by the UPD-Cu method are most accurate
because this method does not show appreciable annealing
effects for rough Pt electrodes in contrast with the CO
adsorption and stripping method, and it will not probe the
surface sites which cannot be accessed by other molecules
except proton as in contrast to the case of the UPD-H
method. We do hope that the present quantitative estimation
of errors associated with the different methods and the
systematic comparisons between different approaches may
invoke great attention on this issue.
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