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Electrooxidation of hypophosphite (H2PO2
−) on Ni electrodewas investigated at themolecular level by external-

reflection Fourier-transform infrared spectroscopy (FTIR), surface-enhanced infrared absorption spectroscopy
with attenuated total reflection (ATR-SEIRAS), and shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS). The results of external-reflection FTIR demonstrated that H2PO2

− could be oxidized to HPO3
2− at

significantly low potentials (E b −1.0 V vs. SCE). ATR-SEIRAS result showed that H2PO2
−
ad could be adsorbed

onto the Ni surface via O atoms. The adsorption orientation was further examined using SHINERS, and Ni-O
stretching bands of metal-adsorbate vibration were directly detected. Comparative results of SHINERS and
those obtained from the density functional theoretical calculation confirmed the adsorption orientation of
H2PO2

−. The present investigation verified for the first time the adsorptionmechanism of H2PO2
− electrooxidation

on Ni surface through in situ spectroscopic data.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hypophosphite (H2PO2
−) is a well-known reducing agent for Ni

electroless deposition [1,2], and Ni is known to be an excellent candi-
date catalyst for H2PO2

− oxidation. Therefore, spontaneous reduction
of the Ni ion could be observed in Ni electroless deposition [3–5].
Numerous studies have been conducted to further understand the
fundamental principles of the electrooxidation reaction of H2PO2

− on
Ni surface [6–11]. The pioneering study suggests that the oxidation
reaction for H2PO2

− involves three elementary processes, namely,
adsorption, dehydrogenation, and oxidation.

H2PO2
‐→H2PO2

‐
ad adsorptionð Þ ð1Þ

H2PO2
‐
ad→•HPO2

‐
ad þ •Had dehydrogenationð Þ ð2Þ

•HPO2
‐
ad þ OH‐→HPO3

2‐ þHþ þ e‐ oxidationð Þ ð3Þ

Oliveira and Abrantes [6,7] suggested that H2PO2
−
ad is adsorbed on

the Ni surface through the H atoms. Zeng [10] and Cui [11] proposed
an opposite adsorption orientation through density functional theory
(DFT) calculation, in which H2PO2

−
ad was adsorbed on the Ni surface

via O atoms. However, limited experimental data have been obtained
for determining the adsorption step of the H2PO2

− oxidation on the
surface of Ni electrode. The detection and identification of the adsorbed
species and adsorption orientation is essential to elucidate the H2PO2

−

oxidation mechanism and precisely control Ni electroless deposition.
These procedures are limited by the difficulty in studying the adsorbed
species on Ni and their oxidation reactions using only traditional exper-
imental approaches.

Surface-enhanced infrared (IR) absorption spectroscopy (SEIRAS)
with attenuated total reflection (ATR) is a promising technique for
investigating solid–liquid interfaces because of its high signal sensitivity
and simple surface selection rule [12,13]. Shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) is a simple and cost-
effective approach that expands the flexibility of surface-enhanced
Raman scattering (SERS) for diverse applications in materials and
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surface sciences [14,15]. The results of the study on the electrooxidation
reaction of H2PO2

− on Ni surface are presented by initially combining in
situ FTIR, ATR-SEIRAS, and SHINERS.

2. Experimental

In situ FTIR measurements were carried out on a Nicolet-8700
FTIR spectrometer (Thermo Scientific, USA) equipped with a liquid-
nitrogen-cooledMCT-A detector. A CaF2 disk was used as IR window.
The resulting spectrum is defined asΔR / R=(R(ES)− R(ER)) / R(ER). A
polycrystalline Ni diskwas used asworking electrode. A Pt foil was used
as counter electrode, and a saturated calomel electrode (SCE) as a refer-
ence electrode.

A Varian 3100 FT-IR Excalibur Series spectrometer equippedwith an
MCT detector was used for ATR-FTIR measurements at incidence angles
of 60 and 65 °Cwith a spectral resolution of 8 cm−1, respectively. All the
spectra are shown in the absorbance unit as− log (I / I0). TheNiworking
electrode was formed according to the wet processes [16] on the
reflecting plane of an ATR Si prism. An Au foil and a reversible hydrogen
electrode (RHE) served as the counter and reference electrodes,
respectively.

Raman spectra were recorded on an R1000 confocal microprobe
Raman system (Renishaw, England). The excitation wavelength
was 632.8 nm from a HeNe laser, and power on the sample was
about 10 mW. A 50× magnification long working distance (8 mm)
objective was used to focus the laser onto the sample and collect
the scattered light in a backscattering geometry. A Pt wire and an
SCE served as the counter and the reference electrodes, respectively.
Au@SiO2 NPs were assembled on the polished nickel electrode to
form a layer of particles covering the electrode. The Au NPs were
prepared according to the literature [17].

Density functional theory (DFT) calculations were carried out
with the hybrid exchange-correlation functional B3LYP. The basis sets
for P, O, and H atoms of investigated molecules were 6-311 + G(d, p).
For Ni atoms, the valence electrons and the inner shells were described
by the basis set, LANL2DZ, and the corresponding relativistic effective
core potentials. The solvent effect was considered by integral equation
formalism polarization continuum model (PCM) [18]. All calculations
including structure optimization and vibrational spectra computation
were carried out by using Gaussian 09 package [19].

3. Results and discussion

The transmission FTIR spectra of 0.3 M NaH2PO2 and 0.3 M
Na2HPO3 are shown in Fig. 1A shows. No P = O stretching band of
H2PO2

− was detected, which should appear in the 1190 cm−1 to
1300 cm−1 range [20,21]. The absence of this peak indicates that
the negative charge of the H2PO2

− is shared between the two equiv-
alent P–O bonds rather than being restricted to one of the O atoms.
In addition, a well-defined band at 1647 cm−1 is assigned to the
bending mode of H2O. The bands at 2349, 1160, 1088, and
1042 cm−1 could be assigned to ν(P-H), νas(O-P-O), ω(H-P-H),
and νs(O-P-O) of H2PO2

−, respectively [22–24]. Moreover, the
bands at 2323 and 1080 cm−1 are attributed to ν(P-H) and
νas(PO3) of HPO3

2−, respectively. Fig. 1B illustrates the in situ
external-reflection FTIR spectra of Ni electrode in 0.03 M H2PO2

−

at different sample potentials from −1.0 V to −0.40 V. The
appearance of positive bands at 2349, 1160, and 1042 cm−1 and
negative bands at 2323 and 1080 cm−1 at all potentials indicates
the consumption of H2PO2

− and formation of HPO3
2−, respectively.

Therefore, HPO3
2− can be regarded as the only oxidation product.

H2PO2
− adsorption is difficult to detect in the external-reflection FTIR

spectra because of the overlapping bands from the free H2PO2
− in the

solution. ATR-SEIRAS techniquewas used to detect the adsorbed species
in the dilute H2PO2

− solution to minimize the effect of the bulk solution.
In situ ATR-SEIRA spectra recorded during the electrooxidation of

0.03 M NaH2PO2 on Ni are shown in Fig. 2. The band at 1220 cm−1

could be attributed to the O-Si-O stretching of the silicon oxides formed
(and/or grown) on the exposed Si sites, which is thermodynamically
facilitated with increasing local pH upon H evolution [25]. Another
possible candidate species for this band are the silicates formed at
certain potentials [26]. A positive band at 1036 cm−1 to 1045 cm−1

appears at all potentials, which are attributed to O-P-O symmetrical
stretching [22–24]. Moreover, the Stark tuning rate is evaluated to be
29.5 cm−1 V−1 for νs(O-P-O) on theNi electrode. One possible explana-
tion for the red shift observed in νs(O-P-O) band with increasing
electrode potential is the electron transfer effect. As the potential
increases, the delocalized negative charge of H2PO2

− moves to the
Ni electrode, which weakens the vibration of νs(O-P-O). However, no
other characteristic bands for νas(O-P-O), ν(H-P-H), and ω(H-P-H) of
H2PO2

− are observed. In the reflection IR spectroscopy, the surface selec-
tion rule [27] restricts that only vibrational modes with dipole compo-
nent perpendicular to the metal surface are IR-active. The absence of
νas(O-P-O) suggests that H2PO2

− is adsorbed onto the Ni electrode
surface via the two O atoms.

To complement the IR spectroscopic analysis, a set of potential-
dependent SERS spectra of Ni in 0.03 M H2PO2

− were obtained,
using the so-called SHINERS tactics (Fig. 3). Two clear bands at
280 and 412 cm−1 are observed at all potentials, which are
assigned to the Ni-O stretching vibrations. The two bands are con-
sistent with a metal-adsorbate vibration [νs(O-Ni)] although both
bands are seldom observed on Ni electrodes in the literature.
According to a previous report, the vibrational band corresponding
to the Ni-O stretching mode of NiOx film appears at a high frequen-
cy of 525 cm−1 [28]. Therefore, these two bands should originate
from the metal-adsorbate vibrations rather than the metal oxide

Fig. 1. (A) Transmission FTIR spectra of 0.3 MNaH2PO2 and 0.3M phosphate, respectively.
(B) In situ external-reflection FTIR spectra of Ni electrode in 0.3 M NaH2PO2 at different
potentials varied from −1. 0 to −0.40 V. ER = −1.2 V. (For interpretation of the refer-
ences to colour in this figure, the reader is referred to the web version of this article.)
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