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Abstract Cr–P is a new material of great importance as a
decorative coating with nickel in automobile industries.
Electroless plating of Cr–P alloy has been carried out
using a suitable plating bath solution and working con-
ditions. The deposit is characterized by X-ray diffraction,
transmission electron microscopy, energy-dispersive X-
ray diffraction, X-ray photoelectron spectroscopy and
polarization techniques. New phases appear on heat
treatment of the coating. The composition (Cr/P) of the
coating and the oxidation states of alloying elements vary
from the surface to the bulk of the material. The coatings
acted as a novel electrode material with good electro-
catalytic activity (low overvoltage) and good corrosion
resistance for anodic oxidation of methanol in H2SO4 at
normal working temperature. The good corrosion resis-
tance of the Cr–P film is accounted for by the existence
of a double oxyhydroxide passive film on the surface. The
electrocatalytic activity of Cr–P is very high when
compared with chromium alone.

Keywords Electroless plating Æ Cr–P coating Æ
Methanol oxidation Æ Overvoltage Æ Corrosion
resistance

Introduction

Chromium is a versatile metal because it retains tarnish,
corrosion, wear and scratch resistance even under severe
service conditions [1]. Electroplated chromium coatings
find widespread applications in metal finishing indus-
tries, especially in automobile industries. However, the

process of development has several drawbacks [2] from
environmental and economical points of view. Phos-
phorous is a metalloid, addition of which to chromium
in traces may impart better corrosion resistance [3]. In
recent years, electroless plating has been gaining
importance over electroplating in producing surface
coatings [4]. In this direction, a few attempts have been
made in our laboratory to produce Fe–P, Ni–P, Fe–P–
Pt, Fe–P–Mo and Fe–P–W coatings as new materials for
functional application [5, 6, 7]. Electroless plating bath
solutions and working conditions have been developed
to get good quality Cr–P alloys for corrosion resistance
applications [8].

The methanol oxidative fuel cell is a promising power
source in electrically driven vehicles [9]. The technolog-
ical development of the system has been very slow be-
cause of the use of high-priced platinum group metals as
electrodes and electrode surface inhibition by the oxi-
dation reaction intermediates [10]. Extensive literature is
available on this subject and the use of platinum com-
posites with Ru and WO3 and Ni–Pd alloys is note-
worthy [11, 12, 13]. However, the preparative procedures
of the previously mentioned materials are tedious and
economically viable.

The present communication reports some preliminary
results on the characterization of electroless coating of
Cr–P alloys as electrocatalysts for anodic oxidation of
methanol inH2SO4.Attempts aremade to account for the
electrocatalytic activity of the coating on the basis of the
results obtained from the microstructural and surface
analyses by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) studies, respectively. The
coatings proved to be promising stable anode materials in
fuel cell electrolytes. The method of preparation of the
electrode material is simple and economical.

Experimental

All solutions were prepared by using analytical reagent
grade chemicals and double-distilled water. Alloys of
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Cr–P were coated on copper foils (99% pure,
10 mm·10 mm·0.25 mm) using a suitable bath solu-
tion. Prior to deposition, copper foils were precleaned
using the procedures described elsewhere [14]. Surface
activation was done for 5 s in SnCl2 solution (0.2 g
SnCl2 in 1 ml HCl diluted to 100 ml with water) fol-
lowed by PdCl2 solution (0.1 g PdCl2 in 1 ml HCl di-
luted to 100 ml with water) before deposition [15]. The
ratio of the volume of the solution to the area of the
substrate was maintained at 30 ml/cm2. Polarization on
prepared alloy samples was carried out in a CH3OH and
H2SO4 mixture under galvanostatic conditions using a
potentiostat/galvanostat (EG&G PAR 362). A large
platinum foil and a saturated calomel electrode were
used as auxiliary and reference electrodes, respectively.
A fine drawn capillary was used to minimize IR drop.

XRD patterns of the deposited films were obtained
with a Philips PW 1140/90 diffractometer using Cu Ka
radiation and a Ni filter. Transmission electron micros-
copy of the film was carried out in a JEOL 200-CX
transmission electron microscope operated at 200 kV.
Alloys were destripped in dilute HNO3 solution, and the
Cr and P contents in the alloys were obtained spectro-
photometrically using 1,5-diphenyl carbazide [16] and
acid molybdate [17] as reagents, respectively. A few
samples were subjected to heat treatment (623 K) for 5 h
under a N2 atmosphere.

X-ray photoelectron spectra of the deposited alloys
were recorded using a ESCA-III mark 2 spectrometer
(VG Scientific, UK) using Al Ka radiation with a
photon energy of 1,486.6 eV. The binding energies were
calculated with respect to the C(1s) peak at 285 eV with
a precision of ±0.2 eV. For XPS analysis, the samples
were placed into an ultrahigh vacuum chamber at
10�9 Torr housing the analyser. Prior to mounting, the
samples were kept in the preparation chamber at ultra-
high vacuum for 5 h in order to desorb any volatile
species present on the surface. Intermittent sputtering
was performed by using a defocused Ar+ ion beam at
low voltage and current over an area of 0.8·2.4 mm2.

Sputtering was carried out to remove successive lay-
ers of a few angstroms and material in a particular layer.
The experimental data were curve-fitted with Gaussian
peaks after subtracting a linear background. For
Gaussian peaks, a slightly different full width at half
maximum (FWHM) was used for different chemical
states. The spin–orbit splitting and the doublet intensi-
ties were fixed as given in the literature [18]. The con-
centrations of different chemical states were evaluated
from the area of the respective Gaussian peaks.

Results and discussion

Electroless deposition of Cr–P alloy

Complexing agents play a significant role in the plating
bath solution in producing good-quality coatings [19].
Hence, attempts were made to select a suitable com-

plexing agent for Cr3+ ions. Detailed spectrophoto-
metric analysis of Cr3+ ions with several complexing
agents at pH 3.0 revealed that only potassium thiocya-
nate (KSCN) affords a suitable complex with Cr3+ ions.
O the basis of the preliminary plating experiments, the
following bath composition and plating conditions were
fixed to get a good-quality Cr–P alloy.

Bath composition: 0.1 M Cr2(SO4)3Æ6H2O as a source
of Cr3+ ions and 0.1 M NaH2PO2 H2O as a reducing
agent which reduces Cr3+ ions to Cr during plating.
KSCN (0.1–0.2 M) was used as a complexing agent for
Cr3+ ions, and 20 g/l H3BO3 and 10 g/l NaCl were used
as a buffering agent and a conduction salt, respectively,
and in combination they suppress the rate of codeposi-
tion of H2 gas [20]. NaNO2 was employed as a reducing
agent to convert Cr6+ ions (if any) to Cr3+ ions.

Plating conditions: pH 3.0, temperature 323 K, sub-
strate copper foil, Time 1–3 h.

The coatings prepared under different experimental
conditions were used for microstructure, surface and
electrocatalytic analysis.

Microstructure and surface characterization

The coating obtained under fixed experimental condi-
tions was subjected to energy-dispersive X-ray diffrac-
tion analysis which confirmed the presence of both Cr
and P in the coating (Fig. 1). The XRD patterns of the
deposited Cr–P alloy indicated the crystalline nature and
also the existence of new phases in the heat-treated
sample (Table 1). The grain size of the coating was
evaluated (198 Å) from the XRD pattern using Debye–
Scherrer equation [21] (FWHM). The ring-type diffrac-
tion pattern of the Cr–P coating is shown in Fig. 2, and

Fig. 1 Energy dispersive X-ray analysis of Cr–P alloy (as prepared)
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could be indexed as Cr–P alloy agreeing well with the
XRD results [22].

XPS spectra of Cr(2p) core-level regions of the plated
Cr–P sample are shown in Fig. 3. It is evident from the
figure that the binding energy of the Cr 2p3/2 core level is
higher and it decreases on heat treatment at 673 K. The
shift in the binding energy after heat treatment suggests
a change in the chemical state of Cr. The Cr(2p3/2,1/2)
peaks at 576.8 and 586.0 eV are attributed to Cr3+ in
the surface film. However, after 10- and 20-min sput-
tering these peaks appeared at 573.3 and 584.7 eV
(Table 2), indicating the metallic state Cr0.

The XPS spectrum of the P(2p) region of the depos-
ited film shows a peak at 133.2 eV (Fig. 4a) which could
be assigned to the P5+ species since the P(2p) peak in
Na2HPO4 occurs at 133.1 eV [23]. It is seen from the
spectrum that P(2p) peaks occur at 129.6 and 133.0 eV
after 10- and 20-min sputtering (Fig. 4b, c), respectively.
The higher binding energy peak can be attributed to P5+

species only. The binding energy for the P(2p) level in
red phosphorous is 130.2 eV [23]; therefore, the P(2p)
peak is shifted by �0.6 eV with respect to the P(2p) peak
of red phosphorus. The direction of shift of the 2p
emission of P shows that it is in a negatively charged
state (Pd�). XPS spectra of P(2s) core-level regions of the
deposited sample without and with sputtering are shown

in Fig. 5. The binding energy of P(2s) in phosphorous is
189.0 eV. The observed P(2s) peak at 191.0 eV (Fig. 5a)
indicates the presence of P5+ species in the sample. The
XPS spectra of the P(2s) core-level region after 10- and
20-min sputtering show two peaks at 187.5 and 191.1 eV
(Fig. 5b, c) indicating the presence of Pd� as well as P5+

species in the sputtered sample. The binding energies
and the relative intensities of P(2p) and P(2s) core levels
with different P species are given in Table 2. The heat

Table 1 X-ray diffraction data of Cr–P alloy

As deposited After heat-treatmenta

Observed d (A
�
) Std. ASTM d (A

�
)b Phase Observed d (A

�
) Std. ASTM d (A

�
)b Phase

2.46 2.46 CrP(111) 2.19 2.19 Cr12P7(211)
2.15 2.16 Cr3P(112) 1.87 1.87 Cr3P(222)
1.88 1.87 CrP(103) 1.27 1.25 Cr3P(413)
1.83 1.81 P(121) 1.20 1.20 P(206)
1.27 1.25 Cr3P(413)

a623 K under N2 atmosphere for 5 h
b1999 JCPDS-International Centre for Diffraction Data, PCPDFWIN v. 1.30. Target, Cu Ka; filter, Ni

Fig. 2 Ring-type electron diffraction pattern of as-prepared Cr–P
alloy

Fig. 3 X-ray photoelectron spectrum (XPS) of the Cr(2p) core-
level region of Cr–P alloy film: as prepared (a), after 10-min
sputtering (b), after 20-min sputtering (c), after heat-treatment (d)
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treated film shows two peaks at 129.5 and 133.3 eV in
the P(2p) region indicating the presence of both Pd� and
P5+ species in the film.

Figure 6 presents the XPS spectrum of the oxygen 1s
core-level regions for the deposited samples without and
with 10- and 20-min sputtering. The spectrum of the
O(1s) electron binding energy region consists of three
peaks originating from O2�, hydroxide or a hydroxyl
group (OH�) and hydrate and/or adsorbed water. The
O(1s) spectrum shows an intense peak at 531.7 eV along
with a weak peak at 530.0 eV. The lower binding energy
peak could be attributed to O2� species associated with
oxides of chromium, whereas the higher binding energy

Table 2 Binding energies of different Cr, P and O species under
different conditions. Values for O2�, OH� and H2O species after
10-min sputtering are given in parentheses

Chemical state Binding energy (eV)

Cr(2p3/2)
Cr3+ 576.8
Cr0a 573.3
Cr(2p1/2)
Cr3+ 586.0
Cr0a 584.7
P(2p)
P5+ 133.2
P5+a 133.0
Pd�a 129.6
P(2s)
P5+ 191.0
P5+a 191.1
Pd�a 187.5
O(1s)
O2� 530.0 (530.2)
OH� 531.7 (532.0)
H2O 533.7 (533.5)

aAfter 10-min sputtering

Fig. 4 XPS of P(2p) core-level regions of Cr–P alloy film: as
prepared (a), after 10-min sputtering (b), after 20-min sputtering
(c), after heat treatment (d), after heat-treatment and 10-min
sputtering (e)

Fig. 5 XPS of the P(2s) core-level region of Cr–P alloy film: as
prepared (a), after 10-min sputtering (b), after 20-min sputtering
(c), after heat-treatment (d)

Fig. 6 XPS of O(1s) core-level regions of Cr–P alloy film
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peak is responsible for P5+ species [23]. A comparison of
the relative intensities of the two O(1s) peaks shows that
the amount of oxygen associated with P is more than
that associated with Cr. Taking this fact into consider-
ation along with the observation that the deposited film
contains P5+, we expect that the most probable species
for the higher binding energy O(1s) peak could be due to
phosphate (PO4

3�). The intensity of the peak at
531.7 eV decreases after 10- and 20-min sputtering.
These observations infer that O2� type species predom-
inate in the sputtered film compared with oxygen asso-
ciated with phosphorous, suggesting the reduction of
PO4

3� to Pd�. A weak peak at 533.7 eV indicates the
presence of a H2O component in the sample, which de-
creases on sputtering. The binding energies and relative
intensities of O(1s) peaks in the deposited sample and
after 10- and 20-min sputtering are given in Table 2.

The binding energy at 576.8 eV in the deposited film
belongs to that of Cr in the hydroxide [Cr(OH)3 or
CrOOH] form. Similarly, the binding energy of 576.3 eV
for the Cr 2p3/2 core level in the heat-treated sample
corresponds to that of Cr in the oxide Cr2O3 [24]. It was
reported in earlier studies that after heat-treatment the
sample undergoes transition from hydroxides to oxides.
The change in chemical state of Cr from hydroxide to
oxide leads to the loss of oxygen and hydrogen (in the
form of water molecules). These results show that the
film consists of mixed oxyhydroxides of Cr, which pas-
sivate the surface and improve and the corrosion resis-
tance of the Cr–P alloy.

The surface concentration ratio of Cr(2p) to P(2p)
can be evaluated by the relation

CCr

CP
¼ ICrrPkPDE Pð Þ

IPrCrkCrDE Crð Þ ;

where C, I, r, k and DE are the concentration, intensity,
photoionization cross-section, mean escape depth and
geometric factor, respectively. Integrated intensities of
Cr(2p) and P(2p) peaks are accounted for by calculating
the concentrations. Photoionization cross-sections and
mean escape depths are taken from the literature [25,
26]. The surface concentration ratios of Cr to P in Cr–P
alloy film obtained under different conditions are given
in Table 3. The surface concentration ratio of Cr to P is
4.58 in the deposited film, suggesting the enrichment of
Cr on the surface; however, this ratio decreased on
successive sputtering. A similar trend is observed in case
of the heat-treated sample.

From XPS studies it is clear that the deposited as
well as the heat-treated film contains Cr3+ species. The

decrease in intensity of the Cr3+ species and the
appearance of metallic Cr on successive sputtering indi-
cated that the deposit is prone to surface oxidation to
some extent. Phosphorous is in P5+ and Pd� states in the
heat-treated film and the drastic increase in the concen-
tration of Pd�species compared with P5+ species upon
successive sputtering indicated the variation in the con-
centration of different kinds of intermetallic compounds
like Cr3P, CrP and Cr12P7 in the corresponding layer.

Electrochemical catalytic efficiency

H2SO4 is one of the electrolytes used in the methanol
oxidative fuel cell [27]. In order to know whether the
deposited Cr–P alloys act as an effective anode for
anodic oxidation of methanol, galvanostatic polariza-
tion experiments were conducted in different concen-
trations of H2SO4 containing 1 M CH3OH using Cr–P
alloys in the current density range 1–100 mA/cm2 at
303 K (Fig. 7). The electrochemical parameters for
methanol oxidation on Cr–P alloy are given in Table 4
and indicate the improvement of catalytic activity
(lowering of g) with a decrease in H2SO4 concentration
or an increase in the concentration of methanol. Heat-
treated Cr–P alloy is associated with low overpotential
(g) at normal working temperature, which is much lower
than the value obtained with other electrode material
[28] in a similar system.

The alloys also exhibited better corrosion resistance
(Table 4) in H2SO4. The heat-treatment of the coating
further improved the corrosion resistance, as evident
from the prolonged electrolysis (up to 100 h) that was

Table 3 Surface concentration ratios of Cr(2p) to P(2p) in as-pre-
pared Cr–P alloy film at different conditions

Sample CCr/CP

As prepared 4.58
After 10-min sputtering 2.38
After 20-min sputtering 1.24

Fig. 7 Galvanostatic polarization diagrams for methanol (1 M)
oxidation in H2SO4 (0.5 M) on Cr–P alloy as prepared (a, full lines)
and after heat-treatment (b, dashed lines)
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conducted in 0.5 M H2SO4 containing 1 M methanol at
303 K and current density of 100 mA/cm2. The anode
was stable and exhibited steady overpotential (±10 mV)
(Fig. 8), which is one of the key characteristics of a high
performing anode in a fuel cell.

The increase in catalytic activity upon heat-treatment
in the present system may be attributed to the change in
the nature of the surface of the deposit [29]. It is difficult
to account for the electrocatalytic activity of the elec-
trode material because it is related to several complex
parameters associated with surface and bulk properties
of the coating and the type of surface reaction: surface
area, grain size and grain orientation, crystal structure,
nature of chemical species and their composition, elec-
tronic conductivity, etc. In order to evaluate the relative
increase in the surface area of C–P by alloying Cr with P,
cyclic voltammetric experiments were carried out on Cr–
P alloy and also on pure Cr in the potential range from
�1,200 to +1,200 mV at a scan rate of 50 mV/s in a
mixture of 1 M CH3OH and 0.5 M H2SO4. The anodic
peak current characteristic for the oxidation reaction
rate on Cr–P was abnormally high (5,000 lA) compared
with that for pure chromium (10 lA). On the basis of
these data, the relative increase in surface area (Ip (Cr–P)/
Ip (Cr)) by alloying the Cr with P was found to be 500
(Fig. 9). The increase in catalytic activity could be
attributed to a decrease in crystal size (increase in sur-
face area) or an increase in electronic conductivity or a

change in surface characteristics, which favour oxidation
of methanol on the electrode surface.

The electrooxidation of methanol is a complex
process which is retarded by the adsorption of reac-
tion intermediates like CO and formaldehyde on the
electrode surface [30]. In order to identify the reaction
intermediate during oxidation, cyclic voltammetric
experiments were conducted. In aqueous solution un-
der slightly acidic conditions, zinc sulphate in presence
of formaldehyde gives a characteristic cyclic voltam-
mogram [31]. In the present system, the cyclic vol-
tammogram was obtained on a Cr–P alloy
microelectrode using oxidized acidic (0.5 M H2SO4)
methanol solution containing zinc sulphate. These re-
sults are compared with those obtained in acidic zinc
sulphate solution containing formaldehyde. Identical
results (Fig. 10) were obtained and confirm the pres-
ence of formaldehyde as an intermediate during the
oxidation of methanol in H2SO4. A small portion of
oxidized solution was coloured with chromotropic acid
and the UV absorption spectrum was taken. The
absorption at 570 nm further confirms the presence of
formaldehyde as a reaction intermediate [30].

Table 4 Electrochemical parameters of Cr–P alloy during methanol oxidation (1 M CH3OH) in 0.5 M H2SO4. The values for the heat-
treated samples (5 h, N2 atmosphere at 623 K) are given in parentheses

Cell electrolyte ba (mV/dec) ±5 mV vs SCE icorr (lA/cm2) g100 (mV) ±5 mV vs SCE

1 M CH3OH+0.5 M H2SO4 15.06 (13.71) 2.3 (0.72) 225 (206)
1 M CH3OH+0.25 M H2SO4 16.86 (12.85) 5.9 (1.4) 217 (200)
0.5 M CH3OH+0.5 M H2SO4 27.70 (22.98) 28.2 (18.47) 382 (339)

Fig. 8 Variation of over potential (g at 100 mA/cm2) with time on
coated alloys in 1 M CH3OH and 0.5 M H2SO4 under different
conditions. As prepared (circles), after heat-treatment (triangles)

Fig. 9 Cyclic voltammograms obtained in 0.5 M H2SO4 and 1 M
CH3OH at a scan rate of 50 mV/s and 303 K. Cr–P alloy (full
lines), Cr (dashed lines)
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Conclusions

A plating bath and the working conditions were opti-
mized to get a good-quality Cr–P alloy film. The oxi-
dation states of Cr and P vary from the surface to the
bulk of the coating. The surface area of Cr is enhanced
by alloying it with P. The deposited alloy has tailor-
made characteristics to make it a better anode material
with low overvoltage for the methanol oxidative fuel cell
in H2SO4 at normal working temperature. Heat-treat-
ment of the deposit resulted in the formation of new
phases. A cyclic voltammetric study showed the exis-
tence of formaldehyde as one of the reaction interme-
diates which does not interfere during oxidation of
methanol.
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