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ABSTRACT

Pt nanoparticles were prepared and deposited on carbon nanotubes (CNTs) and graphene
nano-sheets (GNs) to obtain composites of Pt/CNTs and Pt/GNs, respectively. The mor-
phologies of Pt particles for the two catalysts were observed using transmission electron
microscopy (TEM). It showed that the average Pt sizes for Pt/CNTs and Pt/GNs are similar,
meaning that the differences in the electrochemical performance of the two catalysts could
be ascribed to support effects. Pt/CNTs and Pt/GNs were quantitatively compared by
simultaneously analyzing their cyclic voltammetry (CV) and chronoamperometry (CA) data
for formate oxidation, showing that Pt/GNs is evidently superior to Pt/CNTs in terms of
anti-poisoning performance. CO stripping on the two catalysts indicated that the strength
of CO adsorption on GNs-supported Pt is weaker than that for CNTs-supported Pt. The X-
ray photoelectron spectroscopy (XPS) spectra showed that the binding energy of Pt 4f for Pt/
GNs was higher than that for Pt/CNTs, indicating a stronger interaction of Pt with GNs than
with CNTs and consequently a weaker adsorption of CO on GNs-supported Pt. We believe

Characterization that this study can be used as a guide for future evaluation and screening of supports and/
or anode catalysts for direct liquid fuel cells.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
" their promising potential as power sources for automobiles
Introduction

Direct liquid fuel cells (DLFCs) such as direct formic acid fuel
cells [1-3] and direct alcohols fuel cells [4—6] have gained
intensive research interest in the last two decades because of

and portable electronics. However, there are still several is-
sues to be solved before the commercialization of DLFCs. For
example, the fuels crossover needs to be mitigated and the
oxygen reduction kinetics needs to be enhanced [7—11]. As for
the anode catalysts, which usually are Pt- and Pd-based, one

* Corresponding authors. Department of Mechanical and Materials Engineering, The University of Western Ontario, ON, N6A 5B9,
Canada. Tel.: +1 519 661 2111x87759; fax: +1519 661 3020.
E-mail addresses: wangjs07@zzu.edu.cn (J. Wang), xsun@eng.uwo.ca (X. Sun).
http://dx.doi.org/10.1016/j.ijhydene.2015.11.033
0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

j.ijhydene.2015.11.033

Please cite this article in press as: Wang J, et al., Superior anti-poisoning performance of graphenes versus carbon nanotubes as Pt
catalysts supports for formate oxidation, International Journal of Hydrogen Energy (2015), http://dx.doi.org/10.1016/



mailto:wangjs07@zzu.edu.cn
mailto:xsun@eng.uwo.ca
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.11.033
http://dx.doi.org/10.1016/j.ijhydene.2015.11.033
http://dx.doi.org/10.1016/j.ijhydene.2015.11.033

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (70T5> 1—8

urgent task is to simultaneously improve the activity and anti-
poisoning performance. As is well-known, these perfor-
mances can be enhanced usually through engineering the
composition or structure of metallic catalysts [12—14]. The use
of suitable supports is another way to improve catalysts per-
formances. Carbon nanotubes (CNTs) and graphene nano-
sheets (GNs), featuring facile availability, high electronic
conductivity and large surface area, have been reported as
typical Pt and Pd supports materials to exhibit excellent per-
formance [15—17]. However, accurate comparisons between
CNTs and GNs in terms of anti-poisoning performance are still
seldom reported.

When evaluating the effect of carbonaceous supports on
activity of DLFCs anode catalysts, one universal method is
cyclic voltammetry (CV) technique. It is noteworthy herein
that CV method has also been widely adopted to judge the
anti-poisoning performance of DLFCs anode catalysts by
calculating the ratio of peak current during the forward scan
(Ig) to that during the backward scan (Ip) [18—25]. The major
premise for this application is that I, is caused by the oxida-
tion of residual carbon species and a higher ratio of I¢/I, means
better anti-poisoning performance [18]. However, Hofstead-
Duffy et al. have pointed out that this premise is not suffi-
ciently justified and the current ratio criterion is an inade-
quate parameter to assess the anti-poisoning performance of
an anode catalyst [26]. On the other hand, although a high
activity for a catalyst could be obtained from its CV data, the
current obtained from chronoamperometry (CA) test, in some
case, was inappropriately low, mainly resulting from the se-
vere deactivation caused by poisoning species [6,27,28].
Therefore, the CA results are more closely related with the
true anti-poisoning performance of a catalyst than CV results.
However, to our knowledge, most comparisons of CA results
for two catalysts are presented as qualitative analysis neither
considering the difference in initial voltammetric currents nor
caring the details of CA current decay [22—24], making the
obtained conclusion less informative. Therefore, it is neces-
sary to establish a quantitative and rational method for fully
assessing the anti-poisoning performance based upon CA and
CV results.

In the past a few years, direct formate fuel cells (DFFCs)
have gained increasing interest partly because of the low
overpotential of formate oxidation and favorable oxygen
reduction kinetics in alkaline media [29—36]. To date, limited
studies on anode catalysts for DFFCs have been focused upon
the metallic Pt or Pd moieties [29—32] with no attention paid to
various supports such as CNTs or GNs. As has been demon-
strated, formate oxidation on Pt suffers distinct poisoning
[31,32]. This can make the difference in anti-poisoning effects
of carbonaceous supports more sensitively evidenced, and at
the same time, demonstrate urgent demand for selecting su-
perior supports with excellent anti-poisoning performance.
Bearing this in mind, in this study, we prepared Pt catalysts
supported on CNTs and GNs, and then quantitatively
compared the CA data based upon the initial CV currents of
formate oxidation on the two catalysts. We found that GNs
can exert more distinct anti-poisoning effect on Pt when
compared with CNTs, exemplifying an efficient avenue for
catalyst improvement through support optimization. We
believe that the characterization method employed in this

study can be accepted as a general prototype for evaluating
and screening of supports and/or anode catalysts for DLFCs
other than DFFCs.

Experimental
Chemicals

Multi-walled carbon nanotubes (CNTs) were obtained from
Shenzhen Nanotech Port Co., Ltd. and the average diameter of
CNTs are 40-60 nm H,PtCls-6H,0, potassium formate
(HCOOK) and other reagents were of analytical purity and
used without further purification.

Graphite oxide was obtained following a modified Hum-
mers methods previously reported by our group [37]. The
graphite oxide was then rapidly exfoliated to obtain graphene
via a thermal treatment at 1050 °C under Ar atmosphere.

Preparation of Pt catalysts supported on CNTs and GNs

CNTs (300 mg) were first treated by boiling the as-received
CNTs in HNO; (69 wt. %, 30 mL) for 3 h [38] to introduce
oxygen-containing group for subsequent Pt deposition. Pt
precursor was reduced by ethylene glycol (EG) under micro-
wave heating [39]. Briefly, 60 mL EG solution in a beaker con-
taining 240 mg NaOH and 106 mg H,PtCls-6H,0 was heated to
boil through 1 min microwave radiation. The obtained Pt
nanoparticles in EG solution were equally divided into two
parts and added drop-wise into a beaker containing 50 mg
CNTs or GNs dispersed by magnetic stirring. After 3 h
adsorption of Pt onto CNTs or GNs, 1 mL of each mixture was
centrifuged and the supernatant liquid for Pt and CNTs
mixture showed light yellow color while the supernatant
liquid for Pt and GNs mixture was colorless, indicating that
some Pt particles have not been adsorbed on CNTs. To pro-
mote Pt deposition on CNTs or GNs, aqueous HCl solution was
dropwise added to the two mixtures until the pH was below 2.
Then each mixture was stirred for further 10 min, filtered,
washed with de-ionized water, and dried in a vacuum oven at
70 °C. The sample was denoted as Pt/CNTs or Pt/GNs, the Pt
content in which was determined using inductively coupled
plasma (ICP) emission spectrometer to be 20 wt. % and 26 wt.
%, respectively.

Physical characterization of Pt/CNTs and Pt/GNs

The X-ray diffraction (XRD) patterns of Pt/CNTs and Pt/GNs
were recorded on a Bruker D8 Advance X-ray diffractometer
using Cu-Ka as the radiation source.

The morphology of Pt particles was examined with trans-
mission electron microscopy (TEM, FEI Quanta FRG 200F,
operating at 200 kV). The corresponding size distribution
histograms were obtained by measuring more than 200 Pt
particles for each sample.

The electronic structures of the Pt particles were charac-
terized with the X-ray photoelectron spectroscopy (XPS, Kra-
tos Axis Yltra DLD, monochromatic Al Ke) in ultrahigh
vacuum.

catalysts supports for formate oxidation,
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Electrochemical characterization of Pt/CNTs and Pt/GNs

Catalysts inks were first prepared for coating on a glassy
carbon (GC, ® =5 mm) electrode. Specifically, 2 mg Pt/CNTs or
Pt/GNs was mixed with 600 uL ethanol containing 0.4 mg
Nafion® (4.4 mg Nafion® was used for preparing Pt/GNs ink)
and ultrasonicated for 30 min to form homogeneous PtCNTs
ink, then 15 pL ink was pipetted onto the GC electrode and
dried using an infrared lamp.

A three-electrode cell coupled with an Autolab potentio-
stat/galvanostat (Model PGSTAT-30, Ecochemie, Brinkman
Instrument) was used for electrochemical characterization. A
GC electrode, a Pt wire electrode and a Hg/HgO electrode were
used as working electrode, counter electrode and reference
electrode, respectively. All potentials herein were referred to
Hg/HgO electrode, and all the electrochemical experiments
were conducted at 25 °C in a N,-saturated solution.

For each catalyst characterization, CV was first conducted
at 50 mV s~ ' in 1 M KOH solution until stable cyclic voltam-
mograms (CVs) were recorded. Then CVs for formate oxida-
tion were recorded in 1 M KOH + 1 M HCOOK solution by
starting from —0.8 V, followed by corresponding CA tests
conducted at —0.5 V for 2500 s. It is noteworthy herein that all
the working electrode was preconditioned at 0.3 V for 3 s
before recording the CVs or CA data for formate oxidation.

For CO stripping experiments, gaseous CO was bubbled
into the electrolyte (1 M KOH) for 30 min to allow adsorption of
CO onto the electro-catalysts while maintaining a constant
voltage of —0.8 V. Excess CO in solution was purged out with
N, for 20 min. Then two successive CVs for CO stripping were

recorded at a scan rate of 20 mV s~ 1.

Results and discussion
XRD and HRTEM results for Pt/CNTs and Pt/GNs

The XRD patterns of Pt/CNTs and Pt/GNs are shown in Fig. 1.
The peak at 26.4° in the XRD patterns of Pt/CNTs and Pt/GNs
can be ascribed to the carbon (002) plane diffraction. The four
peaks including Pt(111) at 39.8°, Pt(200) at 46.1°, Pt(220) at 67.8°

C(002)

— Pt/CNTs

Pt/GNs

— C(002)

—~
—
—
o
=
=
~
*

20 30 40 50 60 70 80
2theta/degree

Fig. 1 — The XRD patterns of Pt/CNTs and Pt/GNs.

and Pt(331) at 81.6° confirmed the presence of metallic Pt in
both samples [40]. The main peak at 39.0° in the XRD pattern
of Pt/GNs is somewhat broadened in comparison with the
Pt(111) for Pt/CNTs, indicating the average grain size of Pt in
Pt/GNs is smaller than that in Pt/CNTs. This is possibly
because of the aggregation of Pt particles or failed adsorption
of certain smaller Pt particles during preparation of Pt/CNTs,
as analyzed according to the following high resolution TEM
(HRTEM) results.

The HRTEM images of Pt/GNs and Pt/CNTs are shown in
Fig. 2(a) and (b) and the corresponding Pt size distribution
histograms are presented in Fig. 2(c) and (d). As seen in
Fig. 2(a), the platinum particles are uniformly dispersed on
GNs. The inset micrograph shows the lattice distance of Pt
particles (~0.230 nm) ascribed to (111) lattice planes, indicating
the crystallinity of face-centered cubic (fcc) structure. The
mean Pt size for Pt/GNs was measured to be ~1.5 nm by
averaging over 200 particles, as shown in Fig. 2(b). For the
HRTEM of Pt/CNTs, however, most Pt particles are linked
together forming one dimensional nanostructures and some
apparent aggregations of Pt particles can be seen. The mean Pt
sizes for Pt/CNTs are ~2.1 nm, a little larger than that of Pt/
GNs. To analyze the possible reason for this result, it is worth
explaining that the properties of Pt in Pt/CNTs and Pt/GNs
were designed to be completely identical by first preparing Pt
particles in a single beaker and then depositing these Pt par-
ticles on CNTs and GNs supports, respectively. During prep-
aration of Pt/GNs, we found that the Pt particles can be easily
deposited on GNs (judging from the colorless supernatant
liquid after centrifugation), possibly because of the larger
surface area and more defects on GNs. However, for Pt/CNTs,
it was seen that not all Pt particles were deposited on CNTs
even after adding HCI to promote Pt deposition. It is possible
that the lost Pt particles might be smaller-sized since particles
smaller than 1 nm cannot be found in Pt/CNTs, as indicated
from Fig. 2(d), resulting in an increased average Pt size. There
is also another possibility that some Pt particles smaller than
1 nm were combined with larger ones into aggregates when
using HCI to promote Pt deposition. We also noticed that the
lattice lines of certain amount of Pt particles in close
connection are in consistent alignment, as shown in the inset
of Fig. 2(c). This alignment and the Pt aggregation would
produce distinctly narrower Pt diffraction peak for the XRD
patterns of Pt/CNTs in comparison with Pt/GNs.

Electrochemical characterization of Pt/CNTs and Pt/GNs

For electrochemical characterization of Pt/CNTs and Pt/GNs,
CV tests were first conducted within a potential range from
—0.8 V to 0.2 V until stable CVs were obtained. By doing so, the
possible evolution of Pt surface structure caused by high po-
tential limit can be alleviated. After recording stable CVs in
1M KOH and 1 M KOH + 1 M HCOOK solution, three cycles of
CVs ranging from —0.8 V to 0.3 V were then recorded at
50 mV s~ * and 10 mV s, respectively. The cyclic voltam-
metric profiles of the second and third cycles overlap well, so
only the CVs for the first (red dashed lines) and second cycles
(blue dash dot lines) were shown in Fig. 3. The CVs of Pt/CNTs
and Pt/GNs in 1 M KOH solution were also recorded at
50 mV s~ for reference (black lines).
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Fig. 2 — (a) HRTEM image and (b) size distribution histogram for Pt/GNs. (c) HRTEM image and (d) size distribution histogram

for Pt/CNTs.

From Fig. 3 we can see that the first and the second cycles
differ greatly in the CV profiles of Pt/CNTs and Pt/GNs. Spe-
cifically, the currents of peak 1 decrease while those of peak 2
increase for the second cycle of CVs in comparison with the
first cycle. In fact, Jiang et al. [31] and John et al. [32] have
thoroughly investigated formate oxidation on Pt catalysts.
They ascribed the first peak to the direct formate oxidation to
CO,. For the second peak, which was ascribed to the indirect
oxidation path, the poisoning species (CO.q) on Pt surface
were oxidized at a higher potential. According to their inves-
tigation, these poisoning species can form on Pt surface in a
potential range as low as that of the H-sorption region, as
evidenced from Fig. 3(a) and (b). Taking Fig. 3(a) for instance,
we can see that the H adsorption and desorption profiles in the
H-sorption region (—0.8 V ~ —0.4 V) are clearly seen for Pt/CNTs
in 1 M KOH solution. For Pt/CNTs in 1 M KOH + 1 M HCOOK
solution, the H desorption feature diminishes possibly
because of the adsorption of formate ion and poisoning CO,g4.
It is noteworthy herein that the first cycle of CVs (red dashed
line) was recorded after preconditioning the electrode at 0.3V
for 3 s. By such preconditioning, the poisoning species on Pt
surface could be cleaned. For the second cycle (blue dash dot
line) without such a treatment, the poisoning species on Pt
surface would inhibit the hydrogen adsorption and corre-
spondingly the hydrogen desorption feature diminished more
than that of the first cycle. Moreover, these CO,q species also
suppressed the formate oxidation current (peak 1) in the
second cycle of CVs, while the corresponding current of peak 2

increased resulting from the oxidation of these accumulated
poisoning species. In fact, the above observation and analysis
are also true for Pt/GNs (see Fig. 3(b)), indicating the presence
of poisoning species on Pt/CNTs and Pt/GNs at lower potential
range.

The effect of poisoning species on Pt/CNTs and Pt/GNs can
be more clearly evidenced from Fig. 3(c) and (d). Fig. 3(c) shows
the first and second cycle of CVs for Pt/CNTs recorded at
10 mV s *in 1 M KOH + 1 M HCOOK solution. Because the
scanning rate in Fig. 3(c) is slower than in Fig. 3(a), the corre-
sponding time is longer for poisoning species to accumulate
on Pt surfaces before being oxidized, so the feature of peak 2
(ascribed to oxidation of poisoning species) in the first cycle of
CVs is more distinct in contrast to that in Fig. 3(a). In the
second cycle of CVs, the current of peak 1 decreased while the
current of peak 2 increased simultaneously with a higher
extent in comparison with the case of Fig. 3(a), also because of
the longer time of accumulation of poisoning species on Pt.

Similar to the case of Pt/CNTs in Fig. 3(c), the lower scan-
ning rate also produced similar results on Pt/GNs, as seen in
Fig. 3(d). However, the effect of poisoning species on Pt/CNTs
and Pt/GNs are somewhat different. For example, the
decreasing extent of current of peak 1 in the first cycle of CVs
in Fig. 3(d) vs. Fig. 3(b) seems smaller than that of Fig. 3(c) vs.
Fig. 3(a). This difference indicates a higher anti-poisoning
performance of Pt/GNs in comparison with Pt/CNTs. To gain
a more accurate insight into this difference, we collected data
from Fig. 3 and made relevant calculation, as shown in Table
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Fig. 3 — CVs recorded in 1 M KOH + 1 M HCOOK for (a) Pt/CNTs at 50 mV s, (b) Pt/GNs at 50 mV s~ %, (c) Pt/CNTs at 10 mV s *
and (d) Pt/GNs at 10 mV s~ . The red dashed lines and the blue dash dot lines show the CVs of the first and second cycles.
The black solid lines in (a) and (b) represent the CVs recorded in 1 M KOH at 50 mV s~ . (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 — Anti-poisoning performance of Pt/CNTs and Pt/

GNs analyzed from CV results in Fig. 3.

Catalyst: I 4/ I, 4/ I 4/ I,_o/ I,_o/

scan rate mA mgy mAmgy! I, mAmgy I,

Pt/CNTs: 72 63 1.1 30 0.48
50 mV s !

Pt/CNTs: 47 21 2.2 13 0.62
10mvV s

Pt/GNs: 93 83 1.1 19 0.23
50 mV s !

Pt/GNs: 69 43 1.6 9 0.21
10mvVs?!

1. I1—1 and 1,4 in Table 1 represent the currents of peak 1
recorded in the first and second cycles of CVs while I,_, rep-
resents the current of peak 2 in the second cycle of CVs. The
ratio of I;_; to I,_; (denoted as I;_4/I,_;) means the decreasing
extent of current of peak 1 caused by poisoning species
formed in the second cycles, while the ratio of I,_, to I,
(denoted as I,_,/I,_,) represents the relative strength of indi-
rect oxidation currents (being related with the oxidation of
poisoning species) with reference to direct oxidation currents.
A higher value of I;_1/I_; or I,_,/I, 4 represents a higher
tendency of poisoning.

From Table 1 we can see that the values of I,_,/I,_; for Pt/
CNTs at 50 mV s~ ! are similar as that for Pt/GNs, indicating
that the difference in anti-poisoning effect of Pt/CNTs and Pt/
GNs cannot be distinguished in this case. This can be

explained from the aspect of negligible amount of poisoning
species. Because the pretreatment at 0.3 V before recording
the first cycle of CVs cleaned nearly all the poisoning species
and the time is short for these species to accumulate on Pt
surface at a scan rate of 50 mV s~ %, the amounts of poisoning
species are therefore too low to produce discernible difference
in the values of I;_4/I,_, for Pt/CNTs and Pt/GNs. When the
scanning rate is lowered to be 10 mV s %, the time is longer for
certain amount of poisoning species to accumulate on Pt
surface, and thus the difference in anti-poisoning perfor-
mance of Pt/GNs and Pt/CNTs can be reflected. In this case, the
value of I;_4/1,_, for Pt/CNTs (2.2) is evidently higher than that
for Pt/GNs (1.6), and the values of I, ,/I,_; for Pt/CNTs are
higher than those for Pt/GNs, indicating a superior anti-
poisoning performance of Pt/GNs to Pt/CNTs.

To further verify the superior anti-poisoning performance
of Pt/GNs to Pt/CNTs, CA was conducted by recording quasi-
steady currents of formate oxidation on Pt/GNs and Pt/CNTs
at —0.5 V. As shown in Fig. 4, both Pt/CNTs and Pt/GNs wit-
nessed a sharp drop of current in the earlier time range and
then both CA currents gradually reached quasi-steady states.
During the whole time range the CA current of Pt/GNs is
higher than that of Pt/CNTs. Since the initial CV currents at
0.5 V are different for Pt/CNTs and Pt/GNs (see Fig. 3), it is
reasonable to use the CV currents as reference for comparing
the relative current decay. In fact, Zhang et al. [41] have
adopted such a method for assessment of catalysts deactiva-
tion, in which the CA currents were divided by corresponding
CV currents as reference. It is noteworthy that the CV currents
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HCOOK for Pt/CNTs and Pt/GNs.

in Zhang's work were recorded at quite a slow scanning rate
(1 mV s7%) for obtaining quasi-steady currents. However, for
the present case of formate oxidation on Pt catalysts, large
amounts of poisoning species would accumulate on Pt surface
if the scanning rate is too low, as just analyzed in Fig. 3.
Therefore, the first cycle of CVs recorded at 50 mV s~ were
used as reference, from which the net CV currents for formate
oxidation at —0.5 V were obtained to be 17.5 mA mgﬁt1 for Pt/
CNTs and 31.0 mA mgp; for Pt/CNTs by subtracting the cor-
responding background currents.

To gain more detailed insights into the Pt deactivation
based upon the CA data in Fig. 4, we propose two indices for
evaluating the anti-poisoning performance, namely, relative
reactivity retention (RRR) and deactivation rate (DR). The RRR
is defined as Ica/Icy, Wwhere the I, refers to the CA current at
certain time point while the Iy refers to the corresponding CV
current at —0.5 V obtained from the forward scanning curve.
According to this definition, a higher value of Ica/Icy for a
catalyst means a higher anti-poising performance, or said
another way, a lower extent of deactivation. On the other
hand, the DR is defined as Al/I(t;), where Al represents the
difference between two CA currents recorded at an initial time
(t1) and another subsequent time (t,) while I(t;) represents the
CA current at t;. Taking Iy as reference, the DR can also be
represented as ARRR/RRR(t1), where ARRR represents the dif-
ference between two RRR values at t; and t; and RRR(t;) rep-
resents the RRR value at t;. By calculating the DR values from
the CA curves, we can measure the changes of deactivation

Table 2 — Comparing the anti-poisoning performance of
Pt/CNTs and Pt/GNs based upon CA and CV results.

500 s 1000s 1500s 2000s 2500 s

Ica/mA mgp! Pt/CNTs  4.04 1.98 1.10 0.62 0.34
Pt/GNs 12.30  7.15 5.15 4.07 3.43

RRR/% Pt/CNTs 23.1 11.3 6.3 3.5 1.9
Pt/GNs  39.7 231 16.6 13.1 11.1
DR/% Pt/CNTs = 51.1 44.2 44.4 45.7
Pt/GNs = 41.8 28.1 211 15.3

rate during the whole time range of CA test. The RRR and DR
data were calculated from Fig. 4 and listed in Table 2.

From Table 2 we can see that the RRR values of Pt/CNTs at
different time points are all smaller than those of Pt/GNs. At
the ending time point of CA tests, the RRR value for Pt/GNs
(11.1%) is far higher than that for Pt/CNTs (1.9%), further
confirming the superior anti-poisoning effect of Pt/GNS in
comparison with Pt/CNTs. On the other hand, the difference
in anti-poisoning performance between Pt/GNs and Pt/CNTs
can also be discerned from the DR values. As seen from Fig. 4,
the rates of currents decay for Pt/CNTs and Pt/GNs during the
final quasi-steady time range seem similar. However, if
comparing the DR values for Pt/CNTs and Pt/GNs (see Table 2),
we can see that the DR values for Pt/CNTs remain relatively
higher while those for Pt/GNs keep decreasing with time,
indicating a higher deactivation rate of Pt/CNTSs in comparison
with Pt/GNs.

To gain the possible reason for the different anti-poisoning
performance of Pt/GNs and Pt/CNTs, CO stripping was con-
ducted on the two catalysts in 1 M KOH solution by assuming
CO as a model poisoning species (Fig. 5). It can be seen that
there are three peaks (peak 1-3) for CO stripping on Pt/CNTs
and Pt/GNs. For peak 1, the CO species must be adsorbed with
higher strength because the stripping potential is higher,
while for peak 3 the CO species must be weakly adsorbed on
certain sites. At the higher potential range (-0.3 V ~ —0.15V),
the peak 1 on Pt/CNTs lies in a slightly lower potential than the
case of Pt/GNs. This might be caused by the size effect favor-
able for Pt/CNTs with a little larger Pt particles since larger-
sized Pt particles have been demonstrated to be more active
for CO oxidation than smaller ones [42—46]. However, for the
potential range lower than —0.3 V, the onset potential for CO
oxidation on Pt/GNs (—0.63 V) is evidently lower than that on
Pt/CNTs (—0.58 V), and the potential of peak 3 on Pt/GNs is also
far lower than on Pt/CNTs. These results indicate that the
strength of CO adsorption corresponding to peak 3 shall be far
weaker on Pt/GNs than on Pt/CNTs. We tentatively ascribed
this difference to the stronger electronic effect on Pt exerted
by GNs vs. CNTs. Because the strength of CO adsorption

|
-0.8 -0.6 04 -0.2 0.0 0.2
E vs. Hg/HgO / V
Fig. 5 — Gurves for CO stripping on Pt/CNTs (the upper

graph) and Pt/GNs (the lower graph) recorded at 20 mV s—*
in 1 M KOH.
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Fig. 6 — XPS spectra in the Pt 4f region for Pt/CNTs, Pt/GNs
and Pt foil.

corresponding to peak 3 shall be weaker than that which
corresponds to peak 1, the size effect on CO oxidation might
be negligible, or in other words, indistinguishable for Pt/GNs
and Pt/CNTs. In this case, the difference in electronic effects
exerted by the two carbonaceous supports, GNs and CNTs,
might be discernible, causing a lower onset potential and peak
potential for Pt/GNs in comparison with Pt/CNTs.

In fact, the difference in electronic effects exerted by GNs
and CNTs can also be reflected from the XPS results. As seen in
Fig. 6, there appear two Pt peaks for Pt/CNTs, Pt/GNs or Pt foil
that can be ascribed to Pt 4f;/, and 4fs/, signals, but the binding
energy (BE) are slightly different for the three samples. For Pt/
CNTs, the BE of Pt 4f;/, is about 71.1 eV, which is 0.2 eV higher
than that for Pt foil. The slight increase of BE might be due to
the final effect [47] for the small size of Pt NPs. While for Pt/
GNs, the BE of Pt 4f;/, is 0.5 eV higher than that of Pt/CNTs.
Because Pt/CNTs and Pt/GNs are not largely different in
average Pt size, this further increase of BE can be ascribed to
the stronger interaction between Pt particles and GNs. This
stronger interaction can then account for the superior anti-
poisoning performance of Pt/GNs to Pt/CNTs. That is to say,
a stronger binding of Pt particles with GNs produces a greater
electron transfer from Pt to GNs, and consequently, the CO
species would gain fewer electrons when binding with Pt

surface [15,48,49], meaning superior anti-poisoning perfor-
mance of Pt/GNs in comparison with Pt/CNTs.

Herein we want to emphasize that the main highlight of
this study is the electrochemical methods proposed for
demonstrating the apparently different anti-poisoning per-
formance of two typical supports (GNs vs. CNTs) for Pt cata-
lysts. However, readers may wonder if there is apparent
difference in the catalytic activities of Pt/CNTs and Pt/GNs for
formate oxidation. Considering this, we indeed compared the
activities based upon the normalized H region area and found
that the difference in activities of Pt/CNTs and Pt/GNs is
negligible within the error range. Moreover, the peaks of cur-
rents for Pt/CNTs and Pt/GNs are also found to be at a nearly
same potential. Therefore, it can be concluded that the main
advantage of GNs (vs. CNTs) as Pt catalysts supports lies in the
superior anti-poisoning effect.

Using the quantitative comparison method proposed in
this study, we further calculated the RRR values of three series
of reported catalysts (see Table 3) and re-evaluated their anti-
poisoning performance in the following contexts. (i) The RRR
value of Pt/CNTs-3 is found to be similar to that of Pt/CNTs-1,
indicating that the difference of anti-poisoning performance
of CNTs-3 and CNTs-1 is negligible. This judgment is in con-
flict with the original conclusion that CNTs-3 is superior to
CNTs-1, the major reason for which is that the authors did not
consider the initial difference in CV currents. (ii) Without
considering the initial CV currents, the ratio of CA current of
Pt/RGO to that of PdA@Pt/RGO is 2.3. However, the RRR value of
Pd@Pt/RGO is only 1.4 time that of Pt/RGO, indicating the ne-
cessity of considering the initial CV currents. (iii) From the
lower RRR of Pt-G-60 than that of Pt-NG-60, we may tentatively
assume that the nitrogen doping can improve the anti-
poisoning performance of GNs. However, since the time
range is only 600 s for case (iii), we want to suggest that longer
time range should be needed for CA tests to observe a more
distinct difference in anti-poisoning performance.

Conclusion

A rational method was proposed to quantitatively assess the
anti-poisoning performance of DLFCs anode catalysts through
evaluating CA currents with reference to CV currents and
analyzing the degradation rate of CA currents. Using this
method, Pt/CNTs and Pt/GNs were compared as formate
oxidation catalysts, and the superior anti-poisoning perfor-
mance of Pt/GNs was demonstrated. The possible reason is
presented from the perspective of the stronger Pt—GNs

Table 3 — Calculation of the RRR values of three series of reported catalysts.

Catalysts Fuels Ccv CA RRR/%
Scan rate Iev Ica
Pt@CNT-3 [23] HCOOH 30mvs?t 146Ag? 52Ag! 36
Pt@CNT-1 [23] HCOOH 30mvs ! 82Ag!? 28A g 34
Pt/RGO [50] CH;0H 50 mV st 2000 A gt 673Ag? 34
Pd@Pt/RGO [50] CH;0H 50 mV st 3300A g * 1549 A g ! 47
Pt-G-60 [51] CH;0H 50 mVs~* 52A gt 5Ag? 10
Pt-NG-60 [51] CH30H 50 mV s ! 70A gt 10Ag" 14
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interactions, compared to Pt/CNTs. We hope that this method
will prove to be a useful tool for screening and evaluating high
quality anode catalysts and various supports in the future.
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