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We report a simple in situ Raman spectroscopic measurement
of near-surface proton concentration changes at commercial
Pt black nanoparticle surfaces using the well-known
methanol oxidation, oxygen reduction, Pt oxidation and
reduction reactions as the representative illustrating
examples.

Proton concentration (acidity), or pH values in general, is one
of the key parameters that govern the reaction Kkinetics,
mechanisms and rates for electrochemical (EC) reactions such
as corrosion or anodic oxidation or cathodic reduction in fuel
cells that take place at an electrode/electrolyte interface.'® As
the local near-surface proton concentration is expected to be
different from that of bulk electrolyte during reactions of which
the reaction rate is faster than the proton diffusion rate"* ” and
most if not all reactions in fuel cell*'* involve both proton
transfer and electron transfer (R — O + H' + e ), measuring the
near-surface proton concentration changes during the EC
reactions is clearly of fundamental importance in unraveling the
associated reaction mechanism(s). While electron transfer can
be measured directly by the EC currents as the reactions take
place, measuring the associated near-surface proton
concentration (pH) changes is still far from straightforward.
Scanning EC microscope (SECM) based pH microprobe was
previously used potentometrically'' or voltammetrically'? to
measure changes in near-surface pH value, so were the rotating
ring disk electrodes (RRDE).'> * However, each of these
methods has its own limitations: either pH sensitive membrane
tip'! or special proton sensing material'™ '* is needed, or proton
is required to be either the reactant or product of the tip-probing
reaction.'? These special requirements limit the scope of their
applications. Moreover, the SECM and RRDE methods
measure the H' flux in the solution rather than the near-surface
proton concentration changes.

In this Communication, we report a simple Raman
spectroscopy based in situ method (see Electronic Supporting
Information—ESI for experimental details), as illustrated
schematically in Figure 1. The method can measure the near-
surface proton concentration changes during methanol (MeOH)
oxidation or oxygen reduction reaction (MOR or ORR) or Pt
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surface oxidation and its subsequent reduction in normal acidic
condition (0.02 ~ 0.5 M HCIO4) on commercial (Johnson-
Matthey) Pt black nanoparticles (NPs) without introducing a
third-party pH-probing species as done previously.'>'® More
specifically, we discovered that the anion ClO4 of the
supporting electrolyte, which has an easily observable
vibrational band at ~ 930 cm™, can be used as an in situ
molecular reporter of the near-surface pH value, i.e., the proton
concentration, changes as the stringent requirement of local (~3
nm) electroneutrality in the electrolyte'® ensures that any
changes in near-surface proton concentration [H'] in a volume
probed by the Raman laser will be balanced immediately by its
counter-ion ClO4 . As aqueous solution of HCIO, is a widely
used supporting eclectrolyte, we expect that the in situ method
reported here will find broader applications than previously
reported methods can offer.

WE1: CH,0H + H,0 > CO, + 6H* + 6e~
' WE2: O, + 4H* + 4e~ > 2H,0
Local Balance: [H*] = [CIO,"]

Fig. 1. Schematic lllustration of the in situ electrochemical Raman flow cell and
charge balance during reactions on Pt surface (left). The H" and ClO, ions are
represented by cyan and orange balls respectively. The photographic top view of
the real cell is shown on the right, with the center as the working electrode for
MOR or ORR and the concentric Pt wire loop as the counter electrode.

As shown schematically in the left of Figure 1, the Raman
laser was focused onto the Pt NPs supported on a polished
glassy carbon (GC) electrode through a transparent quartz
window. The actual home-made three-electrode in situ EC
Raman follow cell is shown in the right of Figure 1. The
distance of ~2 mm between the Raman window and electrode
surface ensures free diffusion of H' and ClO4 in the cell. The
local information was probed by a ~3 um laser spot whose
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dimension is much larger than the Debye-Hiickel length of the
electrolyte (<~3 nm)'® and under which the reactions took place
to produce or consume protons, such as MOR (WE1) for the
former or ORR (WE2) for the latter. Although proton does not
have Raman bands, its counter-ion, Cl10, , in HC1O,4 supporting
electrolyte does exhibit an easily observable Raman vibrational
band at ~930 cm™ for w(CI=0) stretching (Figure Sla in the
ESI). As the dimension of the probing laser spot is ~1000 time
larger than the Debye-Hiickel length of the electrolyte (vide
supra), we expect that the electroneutrality will be achieved and
maintained over the time of a given in situ Raman spectral scan
(180 s) at a given electrode potential so that [H'] = [ClOy ].
That is, by measuring changes in [ClO4 ], we can infer
quantitatively changes in [H']. Indeed, the feasibility of this
approach is demonstrated by the control and calibration
experiments as shown in Figure S1 and Table S1 in which the
Raman spectra of ClO, were measured at 0 V (vs. Ag/AgCl
1M, Bioanalytical) as a function of the bulk concentration of
pristine HClO, electrolytes (see Figure S2 for the cyclic
voltammograms (CVs) of the Pt black NPs recorded in these
electrolytes). As can be seen, a Beer’s Law-like linear
relationship (R*=0.9996, see the inset in Figure S1) between the
[H'] of the bulk electrolyte and the [C1O, ] as measured by the
normalized Raman spectra (Figure S1b) from 0.01 M to 0.5 M.
To substantiate the practical viability of the proposed method,
we discuss below three representative cases.
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Fig. 2. (a) Potential-dependent normalized Raman spectra of MOR in 0.1 M HCIO,
+ 0.5 M CH;OH. (b) Potential-dependent integrated Raman band intensities (left
axis) and the corresponding A[H'] (right axis) during the MOR. (c) Oxidation
charges for each applied potential step.

The first case is the MOR on the Pt black NPs surface in 0.1
M HCI104 + 0.5 M MeOH that produces protons via reaction:

CH;0H + H,0 — CO, + 6H" + 6¢~ (1)
Per eq. (1), an increase or a decrease in MOR will cause an
increase or a decrease in the near-surface [H']. Such variation is
indeed observed in Figure 2a where the normalized (vs. the
spectrum recorded at the initial -0.3 V) in sifu Raman spectra of
the ClO, are plotted as a function of the stair-step electrode
potential as the latter increased from -0.3 V to 1.2 V (positive
potential scan—PPS) then returned to -0.3 V (negative potential
scan—NPS) with an incremental potential step = 0.1 V. During
this potential excursion, the integrated Raman band intensity of
the ClO4 at ~930 cm™ (Figure 2b) varied in almost the same
pattern as the integrated charge of the MOR over the length
(180 s) of each stair-step potential (Figure 2c, see Figure S3 for
the charge integration), demonstrating the quantitative nature of
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the measurements. The corresponding changes in [H'], as
calculated by the linear relationship established in the inset of
Figure S1, is shown against the right axis in Figure 2b. The
maximum increases in near-surface [H'] for PPS at 0.6 V and
NPS at 0.5 V are 60 mM and 45 mM, respectively, during the
MOR. Compared to the initial (bulk) [H'] of 100 mM (Table
S1), they represent the MOR-induced near-surface [H']
increases of 60% and 45%, respectively, which are significant
changes in the near-surface [H']. After the potential excursion
returned to the initial value of -0.3 V, the near-surface [H'] also
returned back to the initial base point as the MOR was shut
down there and no protons were produced anymore (Figure 2b
and 2c¢).
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Fig. 3. (a) Potential-dependent normalized Raman spectra of ORR in O,-saturated
0.1 M HCIO,. The flowing rate was 4ml/min. (b) Potential-dependent integrated
Raman band intensities (left axis) and corresponding A[H'] (right axis) during the
ORR. (c) Reduction charges for each applied potential step.
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The second case is the ORR on the Pt black NPs surface in
an O,-saturated 0.1 M HCI1O, electrolyte that consumes protons
via reaction:

O, +4H +4e” — 2H,0 ()

The consumption of protons in eq. (2) will lead to a decrease in
near-surface [H']. Figure 3a presents the in situ normalized
Raman spectra (vs. the one taken at the initial 0.65 V) acquired
during the NPS (0.65 V to -0.3 V) and PPS (-0.3 V to 0.65 V)
in the Oj-saturated 0.1 M HCIO, electrolyte. The negative
amplitude of the Raman band of C1O,” at 930 cm™ in Figure 3a
signifies the consumption of protons, in agreement with eq. (2).
The integrated Raman band intensity of ClO4 (left axis) and
the corresponding changes in [H'] (right axis) as a function of
the stair-step electrode potential are shown in Figure 3b, and in
Figure 3c are the integrated charges of ORR over the length
(180 s) of each stair-step potential (see Figure S4). Overall, the
signal-to-noise ratio in Figure 3a is worse than that in Figure 2a
as the saturated O, concentration (~0.25 mM) is 80 times
smaller than that of MeOH. Still, the consumption of protons
for both the NPS (green) and PPS (red) is reflected in the
decrease in near-surface [H'] (Figure 3b) that mimicked
(although not identical) the variations in the reduction of
charges except for the potential region below 0.0 V (Figure 3c).
The latter deviation could be rationalized by the additional
hydrogen adsorption or desorption on the Pt surface that took
place in that potential region (Figure S2)." 7: the adsorption
consumed more protons at the surface leading to the observed
further decrease and the desorption led to a faster increase in
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near-surface [H']. However, the charges consumed in this
adsorption/desorption, 0.14 mC, is smaller than the detection
limit as indicated by the oxidation of a monolayer of adsorbed
CO (vide infra), which implies a still unknown process that was
involved. Notice that the change in the near-surface [H'] during
the potential excursion of the ORR was ~ 10 mM, which is
much smaller than that during the MOR (~60 mM).
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Fig. 4. (a) Potential-dependent normalized Raman spectra in pristine Ar-
saturated 0.1 M HCIO, electrolyte. (b) Potential-dependent integrated Raman
band intensities (left axis) and the corresponding A[H"] (right axis) for the Pt
surface oxidation (green) an reduction (red). (c) Normal CV (blue) of the Pt NPs
0.1 M HCIO, (left axis) and the corresponding reduction in the oxygen coverage
during the negative potential scanning (magenta circles, right axis). The oxygen
coverage was calculated by the reduction charges assuming PtO is the oxide
form.

The last case is the EC oxidation of the Pt NPs surface and
its subsequent oxidation during the normal CV in pristine 0.1 M
HCIO, electrolyte dictated by reactions

Pt + xH,O — PtO, + 2xH" + 2xe~ 3)

PtO, + 2xH" + 2xe¢~ — Pt + xH,0 )
where x indicates the uncertainty about the exact oxidation state
of Pt during the Raman measurements as a given potential was
held for 180s for recording the Raman spectrum. It is also
highly likely that the Pt oxidation went deeper than the surface
during the Raman measurements. Figure 4a shows the
normalized (vs. the Raman spectrum recorded at the initial -0.3
V) in situ Raman spectra of Cl10,4 for the oxidation (PPS) of the
Pt black NPs surface and reduction (NPS). The integrated
Raman band intensity (left axis) and the corresponding change
in near-surface [H'] (right axis) as a function of stair-step
potential are presented in Figure 4b. The onset of the increase
in near-surface [H'] during the PPS (green circles) overlaps
with the initiation of surface oxidation, eq. (3), as shown by the
blue CV in Figure 4c and indicated by the vertical green arrow.
For the NPS (red circles), that the A[H'] continued to increase
initially indicates the continuous surface oxidation. The
maximum in A[H'] coincided with the onset of the reduction of
the PtOy as indicated by the right red vertical arrow. Beyond
that point further negatively the A[H'] decreased as the PtO,
was being reduced, eq. (4), and eventually became zero when
the PtO, was fully reduced (the magenta circles in Figure 4c) as
indicated by the left red vertical arrow.

However, the method failed to detect the changes in near-
surface [H'] produced by the oxidation of a monolayer of pre-
adsorbed gaseous CO on the Pt black NPs surface, CO + H,O
— CO, + 2H" + 2¢7, which consumed 0.26 mC of charges. The

This iournal is © The Roval Societv of Chemistrv 2012

ChemComm

latter sets a detection limit of the method and also explains why
A[H"] was not detected for the hydrogen adsorption/desorption
process. As to the Pt oxidation/reduction, it is not a monolayer
process. That is, the Pt oxidation can continue into the bulk and
generate more protons.

Conclusions

In summary, we have discovered that the Cl104 in HC104-based
electrolytes can be used as a simple and effective in situ
molecular Raman reporter that can probe rather faithfully the
changes in near-surface [H'] during EC reactions. This is
enabled by that (1) the ClIO, has an easily observable Raman
band at 930 cm' and (2) the stringent electroneutrality
requirement in solution electrolytes19 ensuring [C10,] = [H'].
Its investigative power and technical robustness have been
tested and demonstrated by the three discussed representative
MOR for ORR for
consumption, and Pt surface oxidation and its subsequent

cases: proton generation, proton
reduction for both proton generation and consumption.
Although the

corresponds to a limited pH value change of 0.3, the unique

measured proton concentration changes

simplicity of the discovered in situ Raman spectroscopic
method in measuring near-surface acidity changes set it apart
from the near-surface acidity measurement methods available in
the literature.
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