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ABSTRACT: We report spectroscopic measurements of the local pH and pKa at
an electrode/electrolyte interface using surface enhanced Raman scattering (SERS)
spectroscopy of 4-mercaptobenzoic acid (4-MBA). In acidic and basic solutions,
the protonated and deprotonated carboxyl functional groups at the electrode
surface exist in the solution as −COOH and −COO−, which have different Raman
active vibrational features at around 1697 and 1414 cm−1, respectively. In pH
neutral water, as the applied electrochemical potential is varied from negative to
positive, the acidic form of the 4-MBA (i.e., −COOH) decreases in Raman
intensity and the basic form (i.e., −COO−) increases in Raman intensity. The
change in local ion concentration is due to the application of electrochemical
potentials and the accumulation of ions near the electrode surface. Under various
applied potentials, the ratio of 1697 and 1587 cm−1 (pH-independent) peak areas
spans the range between 0.7 and 0, and the ratio of the 1414 and 1587 cm−1 peak
areas ranges from 0 to 0.3. By fitting these data to a normalized sigmoid function, we obtain the percentage of surface protonation/
deprotonation, which can be related to the pKa and pH of the system. Thus, we can measure the local pKa at the electrode surface
using the surface enhanced Raman signal of the 4-MBA.

■ INTRODUCTION
Establishing the local pH/ion concentration near an electrode
surface has been a longstanding problem in electrochemistry
and photoelectrochemistry. Since pH is an inherently three-
dimensional quantity, there is no straightforward method on
how to quantify this at an inherently two-dimensional
interface. The local pH or ion concentration at the surface of
an electrode can differ substantially from that of the bulk
solution, which can affect the reaction energetics, field
strengths, and kinetics of electrochemical processes. As such,
these local ion concentrations and pH values at electrode
surfaces play an important role in controlling the selectivity of
electrochemical and photoelectrochemical reactions, like CO2
reduction, which typically compete with the hydrogen
evolution reaction (HER). Several attempts have been made
to quantify the local pH and ion concentrations at electrode
surfaces. However, most of these analyses have been inaccurate
or invasive. Auinger et al. used a rotating platinum disc
electrode to measure the near-surface ion distribution and
effects of buffering in electrochemical reactions such as the
HER and the hydrogen oxidation reaction.1−3 These rotating
electrode studies provide a basic understanding of surface pH
but could not be directly applied to realistic scenarios in
electrochemistry. Cathode surface concentrations have been
calculated by Gupta et al. in the electrochemical reduction of
CO2 in KHCO3 solutions.4 In their work, a pH variation of
4.25 was measured within 30 μm of the electrode surface.
Surface pH measurements were also performed during

electrolysis using a rotating pH electrode, providing spatial
resolution on the order of tens of microns.5,6 Leenheer and
Atwater performed imaging of HER electrocatalyst surfaces
using confocal fluorescence microscopy, using a pH indicator
dye sensitive over the pH range from 5.3 to 7.5.7 4-
mercaptobenzoic acid (4-MBA) has been explored for
intracellular and bulk pH sensing, due to its pH-sensitive
Raman spectra; however, no studies have been performed at an
electrochemical interface.8−10

To provide SERS enhancement, the molecule can be
bounded to various plasmonic nanostructures, including silver
nanoparticles,9 gold nanoshells,11 and nanoaggregated hollow
gold nanospheres (HGNSs).12 In the work presented here, we
demonstrate a novel method to measure local pH using surface
enhanced Raman spectroscopy of 4-MBA on gold nanoislands.
In situ spectroscopy of surface reporter molecules has emerged
as a hot topic in recent years, with many of the top research
groups publishing papers in high impact journals. However, a
vast majority of these papers involve measurement of the local
electric field via vibrational Stark-shift spectroscopy, for
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example, using 4-mercaptobenzonitrile (MBN), rather than
local ion concentrations.13−16

In the work presented here, we have developed a framework
for determining pKa, which is a well-defined quantity at the 2D
electrode surface by using surface-bound molecules that report
pKa within 1 nm of the surface. This is a facile technique that
can be attained with commercially available molecules and a
turn-key Raman spectrometer, requiring no special skills or
expertise. This stands in contrast to other techniques such as
sum frequency generation spectroscopy14,17 and surface
enhanced IR absorption spectroscopy (SEIRAS),18,19 which
require specialized equipment and advanced technical skills.

■ EXPERIMENTAL DETAILS
The electrodes used in our work are fabricated using the following
procedure. Glass slides (VWR Cat. no. 48300-048) are cleaned with
10% hydrochloric acid in DI water, followed by baking on a hot plate
at 120 °C for 10 min.20 Prior to depositing the gold nanoislands, two
gold electrodes (50 nm thick) are deposited on the glass substrate by
electron-beam evaporation using a shadow mask (gold pellets: Au,
99.999%, 1/8’’ Dia. x 1/8’’ Length, Part no. EVMAUXX50G, Kurt J.
Lesker Company). A 5 nm (nominal thickness) Au film is then
deposited on the sample using electron-beam evaporation, which
results in the formation of gold nanoislands that are strongly
plasmonic.21 The gold nanoisland electrode (1 cm × 1 cm) typically
has an in-plane resistance of 50 Ω, as illustrated in Figure 1. A thin
layer of 4-mercaptobenzonic acid (4-MBA) molecules (Sigma-Aldrich
#706329) is self-assembled on the surface of the gold nanoislands by
soaking the sample in a 0.03 mol/L solution of 4-MBA in ethanol for
24 h,14,17 resulting in the structure illustrated in Figure 1a−c. After 4-
MBA deposition, the sample was rinsed in DI water twice and
immersed in the DI water for the in situ electrochemical measure-
ments. Copper wires are attached to the gold electrodes and are used
as the working electrode in a three-terminal potentiostat, as illustrated
in Figure 1a. The contact area between the copper wires and gold
electrodes (coated with silver paint) are encapsulated in epoxy in
order to insulate them from the electrolyte.

Raman spectra of the surface-bound 4-MBA were taken with 633
nm wavelength excitation, which is resonant with the gap plasmon
modes of the Au nanoislands.22,23 633 and 785 nm wavelength
excitation have been predominantly used in Raman measurements of
4-MBA molecules.24 Electrochemical potentials were applied in pure
DI water using a water immersion lens, as illustrated in Figure 1d. In
order to protect the lens from the solution, it was covered with a 13
μm-thick Teflon sheet (American Durafilm, Inc.). A three terminal
potentiostat (Gamry, Inc.) was used to apply various electrochemical
potentials to the working electrode with respect to the reference
electrode. A silver/silver chloride reference electrode and glassy
carbon electrode (SPI, Inc.) were used as the reference and counter
electrodes, respectively.

■ RESULTS AND DISCUSSION
Figure 2b shows the Raman spectra of surface bound 4-MBA
in acidic and basic solutions. Here, we observe two dominant
peaks around 1590 and 1080 cm−1, which can be assigned to
the ν8a and ν12 aromatic ring vibrations, respectively.8 In pH =
2 solution (0.005 M H2SO4), we observe a vibrational mode
around 1697 cm−1 corresponding to the protonated carboxyl
group (COOH). In pH = 12 solution (0.01 M KOH), we
observe a vibrational mode at 1414 cm−1 corresponding to the
deprotonated carboxyl group (COO−). Previously, Kneipp et
al.25 measured the relative intensities of the COO− and
COOH peaks as a function of bulk solution pH, however,
without an applied electrochemical potential. Figure 2c shows
the normalized Raman intensities of the COO− and COOH
peaks observed in pH neutral DI water plotted as a function of

the applied potential. Under oxidative conditions, i.e. + 0.4 V vs
Ag/AgCl, we only observe the deprotonated peak COO−,
indicating that the local pH is basic. Similarly, under reducing
conditions, i.e. −0.8 V vs Ag/AgCl, we only observe the
protonated peak COOH, indicating that the local pH is acidic.
Since pH is an inherently three-dimensional quantity, it is

difficult to assign a “local pH” value to each applied potential at
the electrode/electrolyte interface, which is inherently two-
dimensional. Instead, we can determine the percentage of
surface protonation and deprotonation at each applied

Figure 1. (a) Illustration of the SERS-active Au nanoisland electrode.
(b) Transmission electron microscope image and (c) electric field
intensity distribution of the gold nanoisland film calculated by the
finite difference time domain method. (d) Schematic diagram of the
three-terminal electrochemical cell using a water immersion lens to
collect in situ Raman spectra.
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potential, as plotted in Figure 3. This was achieved by first
normalizing the intensities of the COO− and COOH peaks
with respect to the pH-insensitive Raman peak of 1587 cm−1

associated with the aromatic ring vibrational modes. These
relative Raman intensities are then fit to a potential-dependent,
normalized sigmoid function spanning from 0 to 100% surface
protonation/deprotonation. Based on the mass action kinetic
model, the equilibrium constant Ka, i.e., the ratio of products to
reactants, can be related to the ratio of the rate constant of
deprotonation kd to protonation ka, as Ka = kd/ka =
[COO−][H+]/[COOH]. The fraction of the surface reporter
molecules that are protonated or deprotonated, i.e., [COOH]/
([COO−] + [COOH]) or [COO−]/([COO−] + [COOH]),
can be related to [H+]/(Ka + [H+]) or Ka/(Ka + [H+]),

respectively. Since the Raman intensity is proportional to the
density of molecules, the fractions mentioned above are
proportional to the Raman intensities of the protonated or
deprotonated species I1697 or I1414 divided by the Raman
intensity of the parent species I1587. Thus, the ratio of the
protonated Raman intensity I1697 or the deprotonated Raman
intensity I1414 to the Raman intensity of the parent molecules
I1587 can be expressed as

=
+ *[ ]

I
I

A

1 exp K
1697

1587

1
ln 10 p pHa (1)

=
+ *[ ]

I
I

A

1 exp K
1414

1587

2
ln 10 pH p a (2)

where A1 and A2 are the coefficients relating ratio of the
concentration to the Raman-intensity of the protonated/
deprotonated groups to the parent molecules. Since the
equilibrium constant Ka changes with the applied electro-
chemical potentials, the Raman intensity-to-concentration ratio
of the protonated/deprotonated groups to the parent
molecules can be expressed as

=
+

S x a
( )

1 exp k x x( )c (3)

where the coefficient a is the fitted ratio of the Raman
intensity-to-concentration coefficients of the protonated/
deprotonated groups to the pH-insensitive aromatic parents,
k is the shape parameter, and xc is the applied condition when
the protonated and deprotonated species both reach 50%. To
further obtain the surface density of the protonated/
deprotonated species, the normalized Raman intensities
shown in Figure 2c are renormalized by the fitted coefficient,
a, from eq 3. Since the amount of the 4-MBA reporters
attached on the electrode remains the same for a lossless
system, the sum of the surface density of the COO− and
COOH at each applied electrochemical potential should be the
same as the surface density of the parent 4-MBA molecules.
Therefore, the sigmoid normalized COO− and COOH Raman
intensities can be converted to the percentages shown in
Figure 3.
To further obtain the surface equilibrium constant of the 4-

MBA on gold nanoislands, we can express the equilibrium
reaction as nanogold-S-aromatic ring-COOH(s) ⇌ nanogold-S-

Figure 2. (a) Schematic diagram of 4-mercaptobenzoic acid (4-MBA)
grafted gold nanoisland in aqueous solution. (b) Raman spectra of 4-
MBA grafted gold nanoisland in 0.01 M KOH solution (pH = 12) and
in 0.005 M H2SO4 solution (pH = 2). (c) Relative Raman intensities
of the −COOH and −COO− characteristic peaks with respect to the
pH-insensitive peak at 1587 cm−1 plotted as a function of the
electrochemical potential in DI water.

Figure 3. Normalized sigmoid function of the −COOH and −COO−

percentage spanning from 0 to 100% surface protonation/
deprotonation plotted as a function the electrochemical potential in
DI water.
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aromatic ring-COO−
(s) + H+

(aq) with an associated surface
equilibrium constant Ka given by

= [ ][ ]
[ ]

= +

+
K Kp log

COO H per volume
COOH

or p

log
COO (%)

COOH(%)
pH

a,surface a,surface
i
k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzz

(4)

Equation 4 enables us to relate the observed Raman spectra to
the pKa and pH of the system. Figure 4 shows pKa,surface plotted

as a function of the applied potential, assuming a bulk pH value
of 7. Under these conditions, the value of pKa,surface ranges from
6 to 9 in our system. It should be noted that thiols may
undergo reductive desorption at negative applied potentials in
an aqueous solution. However, the pH-insensitive Raman peak
at 1587 cm−1 associated with the aromatic ring vibration mode
of 4-MBA remains nearly constant in Raman intensity when
subjected to negative electrochemical potentials, as shown in
Figure S2. Since SERS is a surface-sensitive technique, no
change in the Raman intensity implies that there is no
desorption taking place over the applied potential range. It has
been previously established that the reductive desorption of 4-
MBA from gold electrodes occurs at a potential of −0.9 to
−1.0 V vs SSE.26 To induce reductive desorption of 4-MBA on
the gold nanoislands, an electrochemical potential lower than
−0.9 V vs SSE is necessary. Consequently, the 4-MBA
monolayer remains unaffected by any reductive desorption at
negative potentials, even down to −0.8 V vs Ag/AgCl.

■ CONCLUSIONS
In conclusion, spectroscopic measurements of the local pH at
an electrode/electrolyte interface are reported using surface
enhanced Raman spectroscopy of 4-mercaptobenzoic acid. In
acidic and basic environments, the carboxyl functional group
exists in the solution as the protonated and deprotonated
forms of −COOH and −COO−, which have different
characteristic Raman peaks at 1697 and 1414 cm−1,
respectively. When various electrochemical potentials are
applied in DI water, the relative intensities of these two
peaks changes. Given the abundance of DI water relative to the
released H+ from 4-MBA functionalized gold nanoislands, the
pH of the system is fixed at 7. This fixed pH of DI water serves

as a reference point for determining the pKa value in our
system, providing surface pKa sensitivity over the range of 6−9.
This approach provides a measure of the local pKa within 1 nm
of the electrode surface using the surface enhanced Raman
signal of the 4-MBA.
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