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ABSTRACT: A highly active hydrogen evolution reaction (HER)
electrode with low Pt loading on glassy carbon (GC) has been
prepared by anodic platinum dissolution and co-deposition of
polyoxometalates. TEM, EDS, XPS, CV, and ICP-MS analyses
gave a Pt loading of 50—100 ng/cm? corresponding to a Pt
coverage of only 0.08—0.16 monolayer. With an overpotential of
65 mV at 20 mA/cm? the modified GC has a HER activity
comparable to that of the commercial Pt working electrode.
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1. INTRODUCTION

Electrochemical production of hydrogen as an energy carrier is
an attractive alternative to the current fossil-fuel-centered
energy technology.' "> Central to the hydrogen cycles are
electrocatalysts with high activities and low overpotentials in
the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER)."*™"® Platinum, although expensive and with
limited global reserves, is still the catalyst of choice for
industrial electrolytic cells for HER, due to its superior activity
and low overpotential.'*>° Lowering the amount of Pt needed
on the electrodes without sacrificing electrolytic efficiency can
thus have immediate and significant implications in the
industrial HER processes.”’ "> How to achieve a uniform,
stable, and high dispersion of active nanophase catalysts on
readily available substrate materials is also key to g)rezparing
highly active catalysts for HER and OER processes.” >
Nadjo and Keita published a series of papers on
polyoxometalate (POM)-modified electrodes for HER with
comparable activity to the Pt electrode.**** The observed
activity was later found to come from trace amounts of Pt
deposited on the working electrode resulting from anodic
dissolution of the Pt counter electrode.>>™>° However, the
amount of Pt loading was not accurately determined in the
literature, and was roughly estimated to be in the 14—18 ug/
cm® range in one paper.® In this work, we performed
systematic studies on the preparation of active HER electrodes
with extremely low Pt loadings by co-deposition of Pt and
POMs via anodic dissolution of the Pt counter electrode. We
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successfully lowered the Pt loading to the 50—100 ng/ cm?
range, 2—3 orders of magnitude lower than the previously
reported value, without sacrificing the HER activity. The Pt
contents of the electrodes were precisely determined by
inductively coupled plasma-mass spectrometry (ICP-MS).
Different types of POMs were also investigated in the co-
deposition processes. We found that the unsaturated lacunary
POM SiW,;0;,° (denoted as SiW,;) is superior to the
saturated POMs (SiW,0,* and P,W;404,°) for HER
activities, possibly due to their ability to capture dissolved Pt
(presumably Pt(IV)-oxo species)** to lead to uniform Pt
deposition.

2. EXPERIMENTAL SECTION

2.1. Electrode Preparation. The electrode was prepared by
electrolysis in a typical three-electrode configuration with a CH
Instrument-660e electrochemical workstation in a simple single-
compartment cell. The reference electrodes were Ag/AgCl (35 M
KCl) electrodes (+0.2046 V vs NHE). The reference electrode was
placed in a position very close to the working electrode. The working
electrodes were glassy carbon (GC) discs (S = 0.196 cm?). Before each
experiment, the GC electrode was polished to a mirror finish with
alumina paste of decreasing grain sizes (0.5 #m to S0 nm). A platinum
wire (d =1 mm, L = 1 cm) was employed as counter electrode. The
uncompensated cell resistance was determined from a single-point
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high-frequency impedance measurement and was automatically
compensated by the built-in positive-feedback software. The 0.5 M
H,SO, solution was prepared from 18 M H,SO, using 18.2 MQ cm
ultrapure water. The electrolyte was degassed with N, during the
electrolysis. a-KgSiW,;050xH,0 (SiW};) and a-K¢P,W,04,-xH,0
(P,Wyg) were synthesized according to the literature™ (see Supporting
Information for more details).

2.2. Determination of the Amount of Pt on the Electrodes.
The Pt loading on the electrode was measured by ICP-MS. Larger GC
discs (10 cm?) were used for the electrode preparation in an effort to
increase the deposited Pt amounts for the measurements. The surfaces
of the prepared electrodes were digested by HNO3:HCI:HF = 1:3:0.05
solution over 12 h. The extraction solution was then diluted to 2%
HNO; and filtered through a 0.22 ym PTFE filter. The amounts of
metals in the solution were determined by ICP-MS, and then used to
calculate the amounts of metals on the electrode. ICP-MS was also
performed on a smaller GC electrode (0.196 cm?, the same type as in
the electrochemical experiments), which gave the density of the
deposited Pt at the same order of magnitude as that of the large GC
electrode (220 ng/ cm? for the small electrode vs 50—100 ng/ cm? for
the large electrode). Although less accurate, the ICP-MS data of the
small electrode eliminates the concerns on effects of different
deposition area on the deposited Pt density.

3. RESULTS AND DISCUSSION

The modified glassy carbon (GC) electrodes were obtained by
electrochemical deposition with 1 mM SiW,;;05,*” and 0.5 M
H,SO, in the solution and with anodic dissolution of the Pt
counter electrode, as shown in Scheme 1. The GC working

Scheme 1. Electrodeposition of Pt/POM HER Catalysts on
GC Surfaces
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electrode was kept at —0.7 V versus NHE (denoted as —0.7 V-
1 mM-2h-Pt; see Supporting Information Table S1 for more
details) during the deposition. The HER activity of the
electrode was examined before and after this co-deposition step
by linear sweep voltammetry (LSV) in a fresh 0.5 M H,SO,
solution without any POM. As shown in Figure la, the HER
overpotential improved drastically after 2 h of electrolysis (from
—844 mV to approximately —340 mV vs NHE @ —20 mA/
cm?). The overpotential was further reduced with increasing
electrolysis time until it reached —65 mV at —20 mA/cm” after
12 hours of electrochemical deposition (—0.7 V-1 mM-12h-
Pt).

The presence of Pt on the working electrode was confirmed
by ICP-MS measurements, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM) imaging and
Energy Dispersive X-ray Spectroscopy (EDS) under TEM,
which will be discussed in details later. In addition, replacing
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Figure 1. (a) LSV curves of modified GCs obtained after different
deposition times (—0.7 V-1 mM-xh-Pt, xh = 0, 2, 4, 6, 8, 12 h). (b)
LSV curves of modified GCs with different counter electrodes. (c)
LSV curves obtained with different concentrations of SiW;; in the
electrolytic modification step. (d) Tafel plots for Pt electrode and
modified GC (—1.0 V-10 mM-2h-Pt). Electrolytes: 0.5 M H,SO,.
Scan rate: S mV/s.

the Pt counter electrode by a graphite electrode in the
electrolysis setup suppressed the HER activity of the modified
GC (-1.0 V-10 mM-2h-G, Figure 1b), supporting the anodic
dissolution as the source of deposited Pt. In line with this
observation, separating the working electrode and the Pt
counter electrode by a salt bridge in the electrolysis had a
similar effect, resulting in suppressed HER activity (Figure 1b).
Consistent with the Pt anodic dissolution assumption, a
potential difference between the Pt counter electrode and the
reference (Ag/AgCl) was measured to be ca. 1.8 V in the
experiment (when the potential applied to the working
electrode was in the —1.0 V to —0.7 V range vs NHE). The
anodic potential of 1.8 V is sufficient to cause some dissolution
of Pt to 9presumably Pt(IV)-oxo species in dilute H,SO,
solutions.>”*

In contrast, the homogeneous SiW); alone does not show
significant HER activity above the potential of —800 mV versus
NHE on the basis of the LSV, although the reduced POMs
were reported to be an HER catalyst with zinc amalgam* or a
mediator of HER at high concentration.*> However, the POM
co-deposition did play a significant role in the Pt deposition
process. The electrode prepared in the absence of POM in
solution showed much reduced HER activity (Figure 1c, black
curve), although a similar amount of Pt was detected on the
GC surface (Table 1). As shown in Figure 1lc, the HER activity
of the electrode increased with an increasing concentration of
POM in the electrolytic deposition solution. When the
concentration of SiW;; reached 10 mM, the HER activity of
the modified GC was comparable to the commercial Pt working
electrode (Figure 1 ¢,d). On the basis of these observations, the
co-deposition of POM on the GC electrode either improved
the morphology of the deposited Pt for electrocatalysis or
enhanced the catalytic activity of Pt.

A sufficiently negative electrolytic potential is necessary in
the electrode preparation procedure (Supporting Information
Figure S1). When slightly more positive potentials (—0.55 V
and —0.2 V vs NHE) were applied to the electrolysis processes,
the resultant modified GC electrode was much less active in
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Table 1. ICP-MS Results of Modified GCs

sample Pt*? (ng/cm?) W% (ng/cm?)
—1.0 V-0 mM-2h-Pt° (60 +24) x 10" -
—1.0 V-10 mM-2h-G - (6.0 + 4.0) x 10*
—1.0 V-10 mM-2h-Pt (7.6 +2.5) x 100 (1.6 + 02) x 10°
—1.0 V-10 mM-2h-G-K,PtCly (1.3 + 0.6) X 10° (7.2 + 3.3) x 10°
—1.0 V-0 mM-2h-G - -
—-10 V-0 mM-2h-G-K,PtCly (L0 +£02) X 10°  —
“The errors were obtained by parallel preparations of several
electrodes and determination of the element contents separately.
“The entries with dashed lines were measured to be statistically the
same as the blank (ie., within experimental errors). “See Supporting
Information Table S1 for details of the abbreviations.

HER, even when deposition was carried out for a longer time.
For example, with 1 mM SiW,; in 0.5 M H,SO, 24 h of
deposition at —0.2 V (vs NHE) gave an HER overpotential of
—740 mV versus NHE @ -—-20 mA/cm?. By contrast,
electrolysis at a more negative potential, e.g, —1.0 V (vs
NHE), afforded an electrode with the same activity in a shorter
electrolysis time (e.g., the HER activity of —1.0 V-1 mM-8h-Pt
is equal to —0.7 V-1 mM-12h-Pt). Sufficiently negative
potential at the working electrode is possibly necessary for
the decomposition of POM to achieve beneficial co-deposition.
In addition, a sufficiently negative potential also gives relatively
large current, which drives up the potential at the counter
electrode that is related to anodic dissolution of Pt.

We also tested the feasibility of using K,PtCls (1 M) as the
Pt source instead of the Pt counter electrode. The Pt wire
counter electrode was replaced by graphite electrode in these
experiments. In the absence of SiW,,, after 2 h of electro-
deposition (—1.0 V-0 mM-2h-G-K,PtClg), the HER over-
potential was lowered to ca. —200 mV versus NHE @ —20
mA/cm? (Supporting Information Figure S2), while electrolysis
with 10 mM SiW,, gives the corresponding HER overpotential
of =65 mV (—1.0 V-10 mM-2h-G-K,PtCl,). This result is very
similar to that using the Pt counter electrode as the Pt source,
but the amount of Pt deposited on the GC electrode to achieve
this same HER activity is much more than that of the anodic
dissolution method; the amounts of Pt on the modified GCs
are (1.3 + 0.6) X 10° ng/cm* for K,PtCl, deposition and (6.0
+2.4) X 10! ng/ cm? for the anodic dissolution method.

In an effort to further investigate the function of POM co-
deposition, we tested stepwise deposition of Pt and POM.
When Pt was first deposited using K,PtCl; (1 #uM) on GC and
then followed by POM deposition, we observed decreased
HER activity after the POM deposition (Supporting
Information Figure S3a). On the other hand, if POM was
deposited on GC before the Pt deposition, the HER activity
appeared after the Pt deposition step, but no enhancement
from POM deposition was observed as compared to the
electrode prepared without the first POM deposition step
(Supporting Information Figure S3b). These results indicate
that the POM must be co-deposited with Pt simultaneously,
rather than simply roughing the electrode or forming a base
support beforehand, in order to achieve high HER activity with
low overpotential. The enhanced HER activity probably results
from Pt/POM deposition interfaces that are formed more
frequently in the co-deposition process as compared to the
stepwise deposition process.

In order to elucidate the form of Pt on the electrode surface,
the Tafel plots of SiW,;/Pt-modified GC (—1.0 V-10 mM-2h-

Pt) and Pt bulk working electrode were obtained (Figure 1d).
These two curves nearly overlapped. The slope for the modified
GC was 32 mV/decade, essentially identical to that of the Pt
electrode (30 mV/decade), indicating that Pt exists on the
electrode surface as metallic nanoparticles or films.** The HER
exchange current density of the modified GC was ca. 1.9 x 107
A/cm?. Moreover, the CV of the prepared electrode in 0.5 M
H,SO, in the potential range between 0.2 and 1.7 V (vs NHE)
showed a strong reductive wave at ca. 0.6 V versus NHE, which
is identical to the peak associated with formation of a full
monolayer of adsorbed oxygen on a typical Pt surface
(Supporting Information Figure $4).*** In contrast, the CV
of the GC electrode prepared by electrolysis without the Pt
source but with POM does not show such features.

The GC electrodes with Pt/POM co-deposition (—1.0 V-10
mM-2h-Pt) were examined under scanning electron micros-
copy (SEM) in order to characterize the morphologies of the
deposits. As shown in Figure 2a, nanoparticles with an average

Figure 2. SEM images of modified GCs in different methods: (a)
(=1.0 V-10 mM-2h-Pt) and (b) (—1.0 V-10 mM-2h-G-K,PtCl).
TEM images of the particles separated from the modified GC with
different electrolysis durations: (c) 2, (d) 4, and (e) 8 h. Other
experimental conditions are the same as those in part a.

diameter of ~25 nm were observed. EDS analysis revealed that
W was the main element of the nanoparticles. No Pt could be
detected by EDS, indicating that the Pt loading was below the
sensitivity of the EDS technique in the SEM instrument. The
electrode prepared with K,PtCl; (1 #uM) as the Pt source was
also examined (—1.0 V-10 mM-2h-G-K,PtCly). The diameters
of the nanoparticles on the surface of this electrode (~60 nm)
were larger than that of —1.0 V-10 mM-2h-Pt (~25 nm), and
Pt was detected on these nanoparticles by EDS (at. 0.13%). We
also collected the nanoparticles after sonicating the modified
electrode for an extended period and examined them by TEM.
As shown in Figure 2¢, nanoparticles of 3—5 nm were observed
for the sample prepared by 2 h of electrolysis (—1.0 V-10 mM-
2h-Pt). The smaller particle size under TEM as compared to
that in the SEM analysis is possibly due to the sonification step
in sample preparation. Longer electrolysis times gave larger
nanoparticle sizes (10—20 nm for 4 h, and 35—50 nm for 8 h).
Both W and Pt were detected by EDS in these nanoparticles
(Supporting Information Table S3). We also observed the
lattice fringe image of Pt(111) after 12 h of electrolysis

DOI: 10.1021/acsami.5b02899
ACS Appl. Mater. Interfaces 2015, 7, 11648—11653


http://dx.doi.org/10.1021/acsami.5b02899
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.5b02899&iName=master.img-003.jpg&w=239&h=191

ACS Applied Materials & Interfaces

Research Article

[ pem— = 0
a) . Lﬂler’exmsea to air for 60 h b)
— nliﬂ’ .

54- - Ianlere)qxssea to air for 60 h . -5
wE . .
5 <10 . -10/
:E :
= 151 . -151

20— : : 20 : .
-03 -0.2 -0.1 0.0 -0.4 -0.2 0.0

0 E/V(NHE) E/V (NHE)

c) —— Initial d){]| — |
- - -after 100 cycles o 1248 ¢ Tiperometric electmlysis

-5 5
E 10 -10/
Q
g
= -151 - 15/

-20 b . . | 2 : : :
-0.10 -0.08 -006 -0.04 -0.02 000 -04 -0.3 -0.2 -0.1 0.0
E /V (NHE) E/V (NHE)

Figure 3. (a) LSV curves of modified GCs (—1.0 V-10 mM-2h-Pt, red; —1.0 V-0 mM-2h-Pt, blue); (b) 100 runs LSV curves of modified GC (—1.0
V-0 mM-2h-Pt). (c) LSV curves for a modified GC (—1.0 V-10 mM-2h-Pt) initially and after 100 LSV runs; the rest of the curves were omitted for
clarity. (d) A comparison of LSV curves for modified GC (—1.0 V-10 mM-2h-Pt) before and after 12 h of chronoamperometric electrolysis.

Electrolytes: 0.5 M H,SO,. Scan rate: S mV/s.

(Supporting Information Figure SS). Note again that the
nanoparticles after 2 h of electrolysis contained insufficient
amounts of Pt to be identified by EDS due to the sensitivity
issue, but Pt can be clearly identified in larger particles that
were obtained after longer electrolysis times.

XPS was also used to characterize the modified GC electrode
(—1.0 V-10 mM-2h-Pt, Supporting Information Figure S6).
We found the binding energies of W 4f,, and W 4f;,, to be
36.75 and 38.88 eV, and the binding energy of Si 2p to be
102.87 eV. All of these binding energies are significantly higher
than the reported values of silicotungstate.”’ These results
indicate that the SiW;; may have decomposed during
deposition. In addition, we also observed Pt 4f peaks in the
XPS, with a measured binding energy of 72.1 eV for Pt 4f,,
and 75.4 eV for Pt 4f;,. These binding energies are higher than
the reported values for metallic Pt and Pt nanoparticles (71.1—
71.3 eV for Pt 4f,/, and 74.2—74.5 €V for Pt 4f;,,).** 75!

The amounts of Pt on the modified GC electrodes were
quantified by ICP-MS (Table 1). The Pt loading of the
electrode was determined to be 50—100 ng/ cm?, 2—3 orders of
magnitude smaller than the previously reported values of 14—
18 pg/cm®>® This loading is also lower than the values recently
reported by Chen and co-workers for Pt monolayers deposited
on WC (600 ng/cm? based on a monolayer of Pt).*"** The
average Pt thickness was estimated to be only 0.08—0.16
monolayer (based on p, = 21.45 g/ cm?®, atomic radius: 1.39 A),
but this exhibited comparable HER activity to that of the bulk
Pt electrode. The Pt deposition with anodic dissolution of the
Pt electrode clearly gave a much lower Pt loading than the use
of K,PtCl, as the Pt source, but it exhibited comparable HER
activity.

The stability of the modified GC electrode was examined in
two ways: in air and after repeated HER catalysis. After being
electrolyzed with the Pt counter electrode, the modified GC
was exposed to air for 60 h. As shown in Figure 3a, the
modified GC (—1.0 V-10 mM-2h-Pt) exhibited a small

11651

decrease in activity (less than 20 mV overpotential increase
@ —20 mA/cm?). This result indicates that the Pt/POM-
modified GC is stable in air. In comparison, without the co-
deposition of SiW;, the aerobic stability of the Pt-deposited
GC electrode is poor with about 100 mV overpotential increase
@ —20 mA/cm? after 60 h of standing in air (Figure 3a, blue
curves). Moreover, we evaluated the stability of the modified
GC electrodes by repeating LSV runs in 0.5 M H,SO, between
0V and —0.1 V (vs NHE). After 100 rounds, the GC electrode
co-deposited with Siw|; and Pt exhibited no measurable loss of
HER activity (overpotential @ —20 mA/cm? increased from
—68 to —73 mV, Figure 3c). By contrast, the Pt deposited GC
electrode without POM experienced a significant overpotential
increase from ca. —210 to ca. —430 mV (Figure 3b). ICP-MS
experiments provided an explanation for the drastic difference
in stability for the GC electrode co-deposited with SiW,, and Pt
and the Pt-deposited GC electrode without POM. The amount
of Pt on the Pt-deposited GC electrode decreased from 60 +
24 to 9.7 + 1.5 ng/cm2 after 100 LSV runs. In contrast, the
electrode co-deposited with POM retained the same amount of
Pt after 100 LSV runs, showing the stabilization resulted from
the POM co-deposition (Supporting Information Table S2). In
addition to the degradation studies by repeated LSV scans, we
also conducted long-time electrolysis experiments using a Pt/
POM-modified GC (modified by —1.0 V-10 mM-2h-Pt). The
current density decreased with time in blank 0.5 M H,SO, at an
applied potential of —100 mV versus NHE (Supporting
Information Figure S7). The polarization curve after 12 h of
electrolysis showed an HER overpotential of ca. —130 mV @
—20 mA/cm?® (Figure 3d), with an increase of 65 mV in
overpotential. A similar result was obtained using 1 M HCIO,,
instead of 0.5 M H,SO, as the electrolyte during electrolysis.
To evaluate the Faradaic efficiency for hydrogen evolution,
the HER of the Pt/POM-modified GC (—1.0 V-10 mM-2h-Pt)
was tested in 0.5 M H,SO, at —0.7 V versus NHE for 30 s,
resulting in the passage of about 1.3 C of charge. The amount
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of H, was analyzed by gas chromatography and compared with
the theoretical volume to give an estimated lower limit Faraday
efficiency of 92%. The generated hydrogen is possibly
reoxidized on the counter electrode due to the lack of a
separator in our electrolysis device, leading to a measured
efficiency of less than 100%.

In addition, H,SiW,0,o:xH,0 (SiW,,) and a-K¢P,W O,
xH,0 (P,W,3) were also employed as the POMs in the
deposition process. As presented in Supporting Information
Figure S8, SiW,,/Pt- and P,W4/Pt-modified GC electrodes
gave poorer HER performance than the SiW,;/Pt-modified
one. The questions of how the POM structure may influence
the HER activity of modified GC and whether Pt coordination
by unsaturated POM is involved in the process are still under
investigation.

4. CONCLUSIONS

In summary, we have prepared highly active hydrogen
evolution electrodes with extremely low Pt coverage of only
0.08—0.16 monolayer by anodic platinum dissolution and co-
deposition of polyoxometalates. The co-deposition of POM is
found to be crucial for the excellent HER performance of the
modified GC, comparable to that of commercial Pt working
electrode. Our work establishes an interesting strategy for
fabricating highly active HER electrodes using very small
amounts of Pt. Such a co-modification strategy presents an
opportunity to prepare other hybrid materials with rich
interfacial structures to achieve synergistic catalysis with
exceptional activities.
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