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www.rsc.org/ In this article, effects of CI” and SO, ions on the electrocatalytic nitrate reduction activities in a sandwich type reactor

assembly have been illustrated. It has been noticed that a Pt{Nafion|Pt—Cu assembly offers it’s best efficiency in the absence
of any supporting electrolytes. The Pt—Cu thin layers adsorb chloride and sulphate ions firmly, and this adsorption blocks
the H” reducing sites at the cathode end of the catalytic assembly leading to decrease of catalytic efficiency. In the presence

of chloride and sulphate ions, reduction reactions of NO;~ and NO, , respectively, are relatively favoured.
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Introduction

Nitrate reduction process is exclusively important to the researchers
from the view of environmental context. > On the other hand,
numerous useful chemicals such as NH;, N,, NO, N,0O, NO,, HNO,,
NH,OH may be synthesized by reducing nitrate ions.* *? Therefore,
studies of nitrate reduction reactions (NRR) are essential from the
view of both environmental and synthetic issues. Catalytic
hydrogenation of nitrate ions has been widely studied in the
literature.*® However, this process is cost effective and materials
often cannot be reused. In this connection, development of suitable
catalytic materials and their application in an electrolysis reactor is
relatively inexpensive and easily operative. The geometry of a
reactor plays crucial roles concerning reactivity, selectivity and
reproducibility of a catalytic process.'” In the case of conventional
electrolysis reactor, the catalytic surfaces often become poisoned
and/or loss stability.?” To overcome this problem, sandwich type
membrane reactor has been fabricated as shown in Fig. 1.>'*” These
types of reactors (M | membrane | M, M= Pt, Pd, Pt-Pd) have been
successfully employed for the selective oxidation of various organic
compounds.**>7 In a conventional reactor, ample of supporting
electrolyte is prerequisite as it can decrease the solution resistance.
Although, conductivity requirement is successfully satisfied in such
a case, but it requires an additional process to separate the
synthesized products from the supporting electrolytes. However,
such a constraint is not applicable for the M | membrane | M type
reactors since a conductive membrane serves as an electrolytic
junction between the anode and the cathode. In a previous article, we
have reported that reproducible catalytic performance (of Pt-Cu
cathode) can be observed if a pure nitrate containing solution is
electrolysed,'” but impacts of supporting electrolytes have never
been investigated pertaining to reduction reactions using these types
of reactors. In addition, in the coastal regions of many areas (e.g.
Bangladesh), various electrolytes such as NaCl, Na,SO, are
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coexisted along with NaNO5.*® Thus, if someone intends to reduce
nitrate ions from saline water using this type of reactor, the
electrocatalytic ability/responses of the electrode assembly must be
checked in the presence of some common electrolytes such as NaCl,
Na,S0, etc. Hence, the aim of this article is to unveil the responses
of these two very common electrolytes on the activities of the
sandwich type membrane reactor. Since copper metal is known as
one of the best electrocatalysts in attaining NRR, '>'" ' a
Pt | Nafion | Pt—Cu reactor was fabricated to evaluate the NRR
activities in the presence of NaCl and Na,SO, electrolytes.

Experimental
In order to prepare a membrane—clectrode assembly (MEA),

Fig. 1 Schematic diagram of electrolysis reactor.
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platinum was first chemically deposited from H,PtCl; on a
Nafion—117 membrane (Wako Incorp. Japan) by using a reduction
mixture of sodium borohydride and sodium hydroxide. At first, a
slice of Nafion membrane (2 cm x 3 cm) was sand blasted and dried
at 110 °C; then was merged into 200 ml of a 7.5 mM solution of
H,PtCls. Next, a mixed solution of 2.0 M NaBH, and 4.0 M NaOH
was added to the membrane containing system at a rate of 2.0 ml/h.
At the same time, the reaction mixture was heated from 35 °C at a
rate of 5 °C/h upto 70°C. The Pt plating on both sides of the Nafion
membrane was completed within 12 hours. The total geometric area
of the each surface was 6 cmz, where the resistivity of the plated
surfaces was less than 10 Qcm . The as prepared assemblies were
first washed by dilute HCI, then were ultrasonic vibrated for 30s to
remove adhered NaBH, and NaOH from the surface, and finally
dried at 110 °C in air. The as prepared MEAs were then installed in a
self-assembled rigid acrylate frame to fabricate the reactor as shown
in Fig. 1, where the cathode surface separated from the anode
surface by the H' conducting Nafion membrane. To perform
electrolysis, the cathode and the anode chambers were filled with 8
ml aqueous solution of NaNO; and water, respectively, which was
previously connected with a DC supplier. In order to analyze the
concentration changes of NO;~, NO,” and NH," with time, a portion
of 20 pl was collected from the solution in the cathode compartment
at a constant interval and diluted to 5 ml. The concentration changes
of NO;~, NO, and NH," were measured by an ICA-2000 model
(DKK-TOA Corporation) ion chromatograph. In order to estimate
catalytic performance, the rate constant (k) was evaluated on the
assumption that the concentration of NO; (C) decreases following
first order kinetics, i.e., C = C, exp(—k;#), where Cy is the initial
concentration and ¢ is time (min).The electrochemical investigations
were carried out under thermostatic and N,—atmosphere condition
using an Autolab PGSTATI128N instrument (Metrohm Autolab
B.V.). All potentials in the present work have been reported with
respect to Ag|AgCl (sat. KCI) reference electrode. In order to
prepare Pt—Cu catalytic surface, a Pt disk (¢ = 2 mm) was placed in
a 0.01 M CuSO, solution then the potential was cycled six times
between 0 and 1.0 V at a scan rate of 100 mVs™'. This yielded the
electrodeposition of Cu overlayers on the Pt disk. Prior to employing
for NRR experiments, the as—prepared electrode was washed
thoroughly with water and the potential was swept repeatedly
between 0 and 1.5 V in a 0.05 M KCI solution until stable cyclic
voltammograms were obtained. In order to record CVs, the system
was kept at a rest potential of —0.1V for 30s, then the potential
scanning of nitrate containing solution was performed between 0 and
—1.4V at various scan rates. Similar electrochemical setup was also
used for EIS studies. The surface morphology was analysed by
Energy dispersive X-ray analysis (EDS) coupled with FESEM,
JEOL, Japan). The FTIR spectra of Nafion membrane were recorded
on potassium bromide (KBr) pellets with an SHIMADZU IR
spectrometer (Model No-dxp 400). At first, a Nafion membrane
sheet was sand blasted, washed several times with distilled water,
dried and chipped into three pieces. The dried one piece of Nafion
membrane was penetrated into 0.1 M NaCl solution, where another
piece in 0.1 M Na,SO, solution for 60 min. The soaked Nafion
membrane was washed with distilled water and dried in an oven at
40 °C. To record FTIR spectra, the dried Nafion membrane was
chipped as small as possible and then grinded it with KBr to form
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pellets. The X-ray photoelectron spectra (XPS) study was performed
using Kratos Axis—Ultra DLD spectrometer, using Al Ko radiation
source (1486.6 eV). Energy calibration and component separation
were carried out by the bundled software using pure Gaussian
profiles with a linear background.

Results and discussion

Electrolysis

In order to investigate the responses of chloride and sulphate ions on
the activity of sandwich type membrane reactor (Pt|Nafion|Pt—Cu;
shown in Fig. 1), pertaining to NRR, 180 min long electrolysis
experiments were performed.
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Fig. 2. Linear fittings of first order kinetic equation with respect to 0.05 M
NaNO; reduction reaction in the presence of (@) water only, (A) 0.01M NaCl
and (m) 0.01M Na,SO;. [DC input 100 mA, catholyte 8 ml, 300K].

Figure 2 shows that electrolysis data were well-matched with
respect to first order rate equation (> > 0.99), whereas Table 1
summarizes the corresponding analytical data. In the absence of any
supporting electrolytes, nitrate ions reduced with a rate constant (ki)
of 42.8 10> min"'. However, in the presence of 0.01 M NaCl and
0.01 M Na,SO, electrolytes, k; decreased to 40.6x107° min! and
35.3x107* min', respectively. This observation suggests that the
catalytic assembly exhibited it’s highest efficiency while a pure
nitrate containing solution was electrolyzed alone. The presence of
chloride or sulphate ions adversely affected the performance of the
catalytic surface, and between these two spectator anions; sulphate
ions were inferior to chloride ions. In the sandwich type reactor,
water molecules are oxidized on the anode surface producing
molecular oxygen and protons. Under the applied potential, protons
are migrated towards the cathode surface through the conducting
Nafion membrane. These protons are next reduced at the cathode
surface to form adsorbed hydrogen atoms and/or molecules as per
following mechanism.**

Anode (Pt):
H,0 ad542ﬁ++%02+2e’ (1)
H" (anode) — H" (cathode) (migration) (2)

This journal is © The Royal Society of Chemistry 20xx
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Cathode (Pt—Cu):
2H'+2e —>2H ads %HZ, ads

3

Table 1 Effects of supporting electrolytes on 0.05 NaNO; reduction

Parameter AE NaCl Na,S0,
ki/ 107 min™ 42.8 40.6 35.3
NOs removal-/% 100 100 100

S (NO,) /% 45.0 21.0 11.6

S (NH,") /% 4.2 7.0 8.5

100mA, 295K, 180 min, Cathode: 18 atom % Cu +82atom% Pt), 0.01M
NaCl/ Na,SOs, AE: absence of supporting electrolytes

The adsorbed hydrogen atoms participate in the catalytic
hydrogenation reactions (shown in scheme 1) to reduce nitrate ions.®
Because of circuit requirement reasons and catalytic ability of
adsorbed hydrogen atoms, H' conductivity of Nafion (reaction 2)

H, Pt-H Cu NH,

Pt cu(l) NO;
Scheme 1. Catalytic hydrogenation reactions of nitrate ions on
the Pt—Cu surface.

determines the catalytic performance of the reactor. Thus, in order to
elucidate the catalytic dissimilarities, in the presence of chloride and
sulphate ions, the electrochemical and spectroscopic studies have
been performed as stated bellow.

EIS studies
Electrochemical impedance spectroscopy (EIS) is a powerful tool to
elucidate the efficiency of various diffusionless processes like
binding of the electroactive species, electron transfer reactions at the
surface, H' conductivity through a medium and different interfacial
processes (e.g analyte adsorption, oxide formation etc).*** Since
NRR also occurs due to heterogeneous electron transfer reactions,
the comparative binding of the catalyst (Pt—Cu) with specific
reactant (NO3 ) in the presence of supporting electrolytes has been
studied using a three—electrode system. The EIS spectra have been
classically presented in the form of a complex plane plot, where Z' is
the real and Z" is the imaginary part of impedance as shown in Fig.
3, which was obtained in the presence of 0.1M supporting
electrolytes (NaCl and Na,SO,). For an ideal non polarizable system,
the circuit comprises a series connection of solution resistance (Rs)
with a parallel combination of a charge transfer resistance (R and a
double layer capacitance (Cy). The impedance of such a system may
be written as -*'
Z(w)=Zg (0) + Zp(w) “
Where, Zp_(w) and Z,(w) represent the impedance of solution
resistance (R;), and parallel combination of double layer capacitance

This journal is © The Royal Society of Chemistry 20xx

(Cy) and transfer resistance (R.) The equation (4) is often rewritten
in terms of reactance as

_ , Ret [ —WRECa
= +
L) Zr, () e il ]

&)

Here, the first and second parentheses represent the real and the
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Fig. 3. EIS spectra recorded with Pt—Cu electrode in the presence of
NaCl and Na,SO; supporting electrolytes (0.1M in each case) at -1.2
V. (a) Complex plan plot and (b) Bode plot.

imaginary parts, respectively, of the impedance. As can be seen from
the complex plan plots (see Fig. 3a) both in the chloride and sulphate
media, the impedance of the system exhibited semicircles at —1.2 V,
which is typical for a kinetic controlled process. At 100 kHz, the
capacitive impedance was short—circuited, which practically
diminished the R, As a consequence, only Rs remained at the high
frequency intercept.

Table 2 EIS properties of Pt—Cu surface -in presence of chloride and
sulphate ions measured at —1.2 V

Medium Ry/ohm R,/ ohm Cq/ chmf2
0.1 M NaCl 427 1990 25.57
0.1 M Na,SO, 125 2601 19.11

Meanwhile, the low frequency intercept represent the sum of Rgand
R, Therefore, the diameter of the semicircle represents R, It can
be noticed from equation (5) and Fig. 3a that the maximum of the Z"
occurred at Z' =Rs+R./2, which denotes the specific frequency of the
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charge transfer process (wpqy)- It can be seen from Figure 3b that the
Bode magnitude of the system provided two breakpoints; starting
from the high frequency edge, the first breakpoint corresponds to the
time constant T;:

— 1 — RsRctCai
7= o= Rat ©)
[OF] Rs+Rce
and, the second breakpoint represents time constant ;2
— 1 —
L= —= Ry Cai N
max

It is to note that as the chloride and sulphate ions are non—reducible
species at the working potential, therefore, the diameter of the
complex plane plots (hence R) should measure the resistance due to
dissolution of Cu(Il) and/or Cu(l) species on the Pt—Cu surface.
Considering these facts, different EIS properties have been tabulated
in Table 2. According to the tabulated data, it is clear that Pt—Cu
surface was more resistive and less capacitive in the sulphate
medium compared to a chloride medium.

6.0 G
1l
—I 1 | R, i
— 40 Re )
£ wn—@ .
" =t °
] &
= K
Ry 20 Lot e
s e 0.1M NaCl
0.0 IN e 0.1MNa,SO,
0.0 2.0 4.0 6.0 8.0 10.0
Z' (k.ohm)

Fig. 4. EIS spectra recorded with Pt—Cu electrode for 0.015 M NaNO;
in the presence of 0.1 M NaCl and 0.1 M Na,SO, at — 1.0 V. Inset
shows equivalent circuit.

By taking the advantages of these EIS information, next impedance
spectra of 0.015 M NaNO; were recorded in the presence of
supporting 0.1M electrolytes as shown in Fig. 4. At the working
potential of —1.0V, the complex plan plots provided arcs (with the
diameter associated to the charge transfer resistance, R, originated
due to reduction of the NO; ™ ions at the interface of the electrode)
followed by a diagonal straight . Thus, in this case, kinetic control
process coupled with the mass transfer process, where the simplified
Randle’s circuit was modified by introducing Warburg impedance
(W) as shown in the inset of Fig. 4 to model the mixed control
process. As expected, the larger semi-circular diameter (hence
larger R, value) is seen in presence of sulphate ions in comparison
with that of chloride ions. This observation suggests that the
increased surface coverage of sulphate ions on the Pt—Cu surface,
due to either specific or nonspecific adsorption, exposed less number
of sites for the nitrate reduction reactions. Consequently, the
evaluation of Ry, and Cy schemes that in comparison with chloride

4| J. Name., 2012, 00, 1-3

ions, sulphate ions impeded Pt—Cu surface more prominently in
executing reduction of nitrate ions.
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Fig. 5. EIS spectra of Pt|Nafion|Pt-Cu system recorded in the
presence and in the absence of 0.01 M supporting electrolytes (NaCl
and Na,SOy) at working potential of —0.8V . Inset shows associated
equivalent circuit.

However, in the reactor (Fig. 1), the conducting membrane (solid
electrolyte) acts as an electrolytic junction between the anode and
cathode where the protons are the charge carriers. In order to
illustrate the functions of supporting electrolytes on H™ conducting
parameters (hence reactivity) of the Pt|Nafion/Pt—Cu assembly, EIS
spectra were finally recorded in the presence and absence of
supporting electrolytes by installing this catalytic assembly in the
reactor shown in Fig. 1. The cell impedance was measured at various
frequencies ranging from 100 kHz to 0.001 Hz applying an AC
excitation voltage of —0.8 V. For this particular membrane assembly,
the electrical equivalent circuit (shown in the inset of Fig. 5)

15.0KV SEI

Fig.6. SEM image of the cross-section of Pt|Nafion|Pt assembly.

represents electron transfer, charging of the double layer and
migration of H' through the membrane. The real component of the
EIS spectra at 100 kHz was credited almost exclusively to the

This journal is © The Royal Society of Chemistry 20xx
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resistance of the membrane (R,,), which may be used to calculate
proton conductivity of the membrane. The active area of the
membrane was 3 cm? and it’s thickness was 118.75 pm (determined
from the SEM image of the cross—section of Nafion membrane, Fig.
6). Using these data, the specific H" conductivity (Cy"), due to
reaction (2), through the membrane in the presence of pure water
was evaluated as 0.027 Scm™'. However, when water was replaced
with 0.01 M NaCl and 0.01 M Na,SO, solution, in the separate
experiments, Cy;" was decreased to 0.016 Sem! and 0.015 Sem ™!,
respectively. This means that H' conductivity of Nafion membrane
was greatly interrupted in the presence of supporting electrolytes. It
is to note that the semi-circular arc, which appeared in the frequency
range 10 to 10 kHz, was attributed to the charging of the
electrode—solution interface (Cq). The charge transfer resistance
(R, was associated to reduction of H" (given by reaction 3) at the
edge of lower frequency region. It is clear from Fig. 5 that the shapes
of the semi-circular arcs, hence Cg and R, were highly penetrated by
the supporting electrolytes. The least R, was noticed when no
supporting electrolyte was present in the system, and it increased
following an order of pure water < NaCl < Na,SO,. This observation
is consistent with the performance of the electrolysis data reported in
Table 1, i.e, NRR rate was inhibited in the membrane reactor in the
presence of chloride and sulphate ions following a reverse trend of
R, increase.

Voltammetry

Figure 7 shows CVs of nitrate ( Fig.7a) and nitrite (Fig.7b) reduction
reactions with corresponding voltammetric responses of supporting
electrolytes (Fig. 7¢) recorded with an Pt-Cu electrode. Nitrate ions
are reduced on a catalytic surface using a consecutive reaction trail
(NO;” —> NO, — NHj), where nitrite ions are evolved as
intermediates. It can be seen from Table 1 that electrolysis of a pure
nitrate solution yielded highest nitrite selectivity (45%), which
decreased to 21% and 11.6% in the presence of chloride and sulphate
ions, respectively. This observation suggests that supporting
electrolytes can promote reduction of intermediate nitrite ions, where
SO,*" ions had stronger influences over the C1™ ions in minimizing
the concentration of intermediate nitrite ions. To elucidate this
phenomenon, voltammetric experiments were performed. Figure 7a
shows the CVs of 0.015 M NaNO; solution recorded using a Pt—Cu
electrode at a scan rate of 50 mVs ' in the presence of 0.1 M NaCl
and 0.1 M Na,SO, electrolytes. In the double layer region, the waves
El and E2 are associated to the reduction of Cu(I) and Cu(Il)
species, respectively. Meanwhile, the E5 and E6 correspond the
oxidation of Cu(0) to Cu(Il) and Cu(I), respectively. From the CVs,
it is clearly seen that oxidation—reduction currents (hence total
charge) of copper species were more intense in the presence of
sulphate ions than in the presence of chloride ions. Such difference
suggests that under the sulphate environment, more Cu(Il)/Cu(I)
species were generated than in the chloride environment, which is
consistent with the EIS studies. However, in the kinetic region, the
E3 and E4 waves denote the reduction of nitrate and nitrite ions,
respectively, as per following reactions. **

at (E3) NO3 7ads + HZO ads +2¢ — NOZ 7ads +,20H7ads (8)
at (E4) N027ads + SHZO ads +6e — NH3ads +,7OH7ads (9)

This journal is © The Royal Society of Chemistry 20xx
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The E3 wave generated more current in the presence of chloride ions
than in the presence of sulphate ions implying that reaction (8) was
relatively favoured in the chloride medium. But opposite effect is
seen in the case of E4 wave, i.e, nitrite reduction current (reaction 9)
in the sulphate medium suppressed that generated in the chloride
medium. As a consequence, least nitrite selectivity was noticed

50 & =
0
< 50
g -100
3
-150 —— 0.1 MNaCl
—— 0.1MNa,SO,
200
1.6 1.2 0.8 -0.4 0.0
E/IV vs Ag/AgCI (sat. KCI)
(b)
0
= -100
§ E2
3
-200 —— 0.1M NaCl
E4 —— 0.1M Na,SO,
-300
1.6 1.2 0.8 0.4 0.0
E/IV vs Ag/AgCI (sat. KCI)
ol ©
E1
]
= 100 E2
[
o
5
© 200
—— 0.1M NaCl
—— 0.1M Na,SO,
-300
1.6 1.2 0.8 04 0.0

E/V vs Ag /| AgClI (sat. KCI)

Fig.7. Cyclic voltammograms of 0.015 M NaNOs (a) and 0.015 M
NaNO, (b) recorded with the Pt—Cu electrode at a scan rate of 50
" using NaCl and Na,SO, supporting electrolytes. Figure (c)
represents CVs of supporting electrolytes (NaCl and Na,SOy).

mVs’

during the electrolysis experiments in the sulphate medium as
reported in Table 1. In order to justify these results, CVs of NO,"
ions were next recorded in the presence of chloride and sulphate ions
as shown in Fig.7b. It is let alone to mention that the CV profiles of
nitrite ions notably matched with those observed for the reduction of
nitrate ions.
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COMMUNICATION

Surface morphology

In this present study, catalytic surface contained 18 atom% Cu and
82 atom% Pt, which was confirmed by the energy dispersive X—ray
analysis (Fig. 8a). The SEM image of the Pt—Cu surface shows that
the catalytic particles existed as an aggregated network having
61-132 nm in size (Fig. 8b).

X 15,000

15.0kV SEI

(b)

Fig. 8. Surface morphology of Pt—Cu surface; (a) EDS spectra and
(b) SEM image.

FTIR study

In order to assess the reasons of decreased H™ conductivity and
increased charge transfer resistance (R.) in the presence of
supporting electrolytes at the cathode surface of the reactor shown in
Fig. 1, FTIR analysis of Nafion membrane was performed. Figure 9
shows the FTIR spectra of Nafion membrane recorded before and
after soaking it in 0.1 M sulphate and chloride solutions. Since the
Nafion membrane is proton conducting by nature, it was assumed
that cation (Na') might be entrapped by the Nafion membrane,
which might induce nonspecific adsorption of counter anions. The
IR spectrum of the Nafion membrane shows the characteristic
vibrations of Nafion at 1220 cm™' (asymmetric C—F stretching). The
peaks at 1156 cm ' are assumed for symmetric C—F stretching. The
peaks at 1057 cm ' are attributed for S—O stretching. The C—F
stretching of (—CF,—CF(R)—CF,—) groups shows the vibrations at
982 c¢m . The other characteristic peaks of Nafion were found at

6 | J. Name., 2012, 00, 1-3
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970 ¢cm ' (C-O—C stretching), 653 cm ' (asymmetric O—S—O
bending), 636 cm' (C—S stretching), 554 cm' (asymmetric C—F
bending), and 512 cm ' (symmetric O—S—O bending) according to a
previous report.*® However, none of these bands was penetrated by

(c)

NN\ T MY

(b)

N-\/V\/*Ww

(@)

W

1300 1200 1100 1000 900 800 700 600 500

Relative % transmittance

Wave number /cm™!

Fig. 9. FITIR spectra of pure Nafion (a), 0.1M NaCl soaked Nafion
(b), and 0.1 M Na,SO,soaked Nafion (c).

the chloride or sulphate ions. This observation suggests that
nonspecific adsorption of chloride or sulphate ions by the Nafion
membrane did not play any role in deciding reactor’s performance. It
was rather assumed that sulphate and chloride ions were adsorbed by
the Pt—Cu layers deposited on the Nafion membrane, which
probably blocked the H™ reducing sites, and decreased the reactor’s
performance accordingly.

XPS study

The adsorption characteristics of chloride and sulphate ions on the
Pt—Cu investigated with X-ray photoelectron
spectroscopy (XPS) analysis. The Cu 2ps3, core energy level was
employed to study the oxidation state of Cu surface. The linear
background subtraction and Gaussian peak fitting of the broad Cu
2ps» XPS spectra represents a major peak at ~932.2 eV and
relatively a small peak at 934.8 eV (see Fig. 10(a and b)). The major
peak has been attributed for Cu(0) and/or Cu(I).

surface were

Table 3 The XPS data of Cu 2ps, peak in presence of NaCl and Na,SO4

Binding energy of Cu 2ps3; (eV) FWHM of Cu 2p3 % Cu (II)
(V)
Medium Cu (0) Cu (II) Cu(0)/ Cu (II)
/Cu(l) Cu (D)
N 932.1 934.8 1.5 2.8 11.25
CI 932.2 934.8 1.5 2.8 9.62

% Cu(II) was obtained from deconvolution of Cu 2ps/; peaks.

However, Cu(0)/Cu(I) could not be determined directly by the
deconvolution because of very similar binding energies. ** These
peaks can be distinguished by LMM—2 auger transition in XPS
spectra, which are 568 eV and 570 eV for Cu(0) and Cu(l)
respectively.* In this specimen, we observed this peak at 567 eV in
both of chloride and sulphate ion adsorption cases. From this fact,

This journal is © The Royal Society of Chemistry 20xx
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we considered that this major peak is attributed due to Cu(0).
However, this peak is in slightly higher binding energy in
comparison with pure metallic copper (932.6 ¢V).*® This discrepancy
may arise due to the interaction of Cu with Pt (Figure not shown).
Peak at 934.8 eV with board FWHM value (2.8 eV) has been
attributed to the existence of Cu(Il). The broaden peak shape of Cu
(IT) as compared to the major one (Cu(0)/Cu(l)) is due to coupling
between unpaired electron (d®) (multiple splitting) in the
paramagnetic cupric ions.*” ** Moreover, the shake—up satellite
structure centered at a binding energy of 943 eV, also denote the
presence of Cu(Il) species. This satellite peak can only be ascribed
to the charge transfer transition to unfilled d—orbital of Cu atom. In
the case of Cu(0)/Cu(l), there is a filled (d'’) ground state
configuration. In this case, no charge transfer is possible and no
satellite peak can be observed.”® * Binding energy, FWHM and
Cu(II)/Cu(0) ratio obtained from the deconvolution of Cu 2p;, peak
is presented in Table 3.Figure 10 (c and d) shows the XPS fine scan
spectra of S 2p and Cl 2p. From the tabulated results, it is seen that
11.25% of Cu(Il) was formed on the sulphate treated Pt—Cu surface,

Cu (0) /Cu (1)
(a) Cu (0) /Cu (1) (b)

Intensity (cps)
Intensity (cps)

Cu (1I) satellites Cuﬁ@/
T S

ass

Cu (IT) satellites Cu (ﬁ;/
e i >
45 930

o5

"o =
Bifding Energy feV) Binding Energy (eV)

Intensity (cps)
Intensity (cps)

2 160 204 196

2 20 198
Binding Energy (eV)

10 18 166 64
Binding Energy (eV)

Fig. 10. (Top) XPS fine scan spectra Cu 2ps» of Cu modified Pt
sample (a) Cu surface dipped in sulphate solution (b) Cu surface
dipped in chloride solution (c) S 2p (d) CI 2p.

and this quantity was decreased to 9.62% while the surface was
treated in the chloride medium. This may happen due to strong
interactions of SO,*~ ions with Cu species of Pt—Cu electrode rather
than chloride ions under identical reaction condition. This
observation is consistent with CV and EIS results. In Figure 10(c),
two intense S 2p features are seen to be appeared at 167.1 eV and
169.0 eV indicating the attribution of SO; and SO, species,
respectively.’® Rest small peak at higher binding energy (171.2 eV)
may be attributed to charging of sulphur. In the case of
deconvolution of CI 2p, the two peaks at 198.7 eV and 200.3 eV
represent the binding energies of CI 2p;, and Cl 2p,, respectively.
Thus, it is clear that the Pt—Cu layers adsorbed chloride and sulphate
ions firmly, and this adsorption blocked the H' reducing sites at the
cathode end of the catalytic assembly shown in Fig. 1. This study
also confirms that formation of Cu(Il) from Cu(0) was favoured by
the adsorption of sulphate ions more prominently than the adsorption
of chloride ions. The existence of more Cu(0) species favoured the
NO; ™ reduction, but the existence of slightly increased amount of
Cu(II) and/or Cu(I) favoured reduction of NO, ions.

This journal is © The Royal Society of Chemistry 20xx
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Surface stability

Finally, stability of the Pt—Cu surface in the presence of electrolytes
was evaluated by measuring corrosion rate. Figure 11 shows the
polarization curves of the Pt—Cu surface in the form of Tafel plots.
The corrosion potential (E,;) in the presence of chloride ions was
—0.09 V. Meanwhile, this value shifted to —0.03 V in the presence of
sulphate ions. From the slopes of V—shaped curves, the corrosion
rate of Cu species was determined to be 5.5x107* and 14.0 x107*

-5.0
-6.0
<
= -7.0
o ; ,
2 5 H Sie
-8.0 o 2
. ' + 0.1 MNaCl
E : < 0.1MNa,SO,
-9.0 .
-0.2 -0.1 0.0 0.1

E/V vs. Ag/AgCI (sat. KCI)

Fig. 11. Polarization curves of Pt—Cu surface in the presence of NaCl
and Na,SO,.

mm/year in the presence of chloride and sulphate ions, respectively.
This observation suggests that chloride ions were less aggressive
than sulphate ions to destabilize the surface. This was because
chloride ions generated less Cu(I)/Cu(Il) species than those
generated by the sulphate ions.

Summary

A sandwich type reactor assembly (Pt | Naﬁoant—Cu) can show
best reduction efficiency when no supporting electrolytes are present
in the reactor. The anions (chloride and sulphate ions) have no
interactions with electrolytic junction (Nafion membrane), rather
they are adsorbed on the Pt—Cu surface. In comparison, presence of
sulphate ions attributed more charge transfer resistance, generated
more Cu(Il) species, induced more corrosion of catalytic particles
and attained less NRR rate than those were exhibited in the presence
of chloride ions. Since CI” and SO,* ions can deactivate the
catalytic performance, the reactor may not be suitable (in the
presence of these anions) for operation from the view of
reproducible performance. However, in terms of long term use, the
concentration of these anions might be minimized, possibly by
separating them using other techniques (such as precipitation etc).
Conversely, a noble point that a sulphate adsorbed Pt—Cu surface
could reduce nitrite ions more efficiently than a chloride adsorbed
surface.
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Inverse effects of supporting electrolytes on the
electrocatalytic nitrate reduction activities in a
Pt|Nafion|Pt-Cu type reactor assembly

Mohammad A. Hasnat, Jamil A. Safwan, M.A. Rashed, Zidnia Rahman,
Mohammed M. Rahman, Yuki Nagao, Abdullah M. Asiri

A Pt|Nafion|Pt-Cu assembly can exhibit it’s best reduction reaction
efficiency in absence of any supporting electrolytes. Adsorption of
supporting electrolytes decreases efficiency by registering increase of
charge transfer resistance.
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