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ABSTRACT: Body-centered-cubic type CuPd nanoalloys
were synthesized by a chemical reduction method. Photo-
catalytic hydrogen evolution and nitrate reduction were
simultaneously examined over CuPd nanoalloys deposited
on TiO, (CuPd/TiO,). The efficiency of hydrogen evolu-
tion over CuPd/TiO, was better than that over Pd/TiO,. As
for nitrate reduction, ammonia was selectively (78%) pro-
duced with hydrogen generated photocatalytically over
CuPd/TiO,. The continuous generation of nascent hydro-
gen atoms on the surface of the CuPd nanoalloy, where Cu
and Pd are homogeneously mixed, led to the high selectivity
for ammonia.

mmonia (NH;) is a main component in chemical fertilizers
Aand recently has been noted as an energy carrier for alkaline
fuel cells." In the present world, which is confronted with both a
food and energy crises, greater demand for NHj is therefore
forecasted.” In industrial NH, production, however, huge
amounts of fossil fuels, especially natural gas, are consumed to
produce H,, while equally large amounts of CO, are released.
Fossil fuel-free H, gas produced based on renewable energy
sources, such as photocatalytically generated H, from water
utilizing solar light,3 has therefore received much attention as a
clean energy carrier, as well as a raw material for various
chemicals production processes, including that for NH;. At the
same time, overmanuring with synthetic fertilizers causes an
increase in the concentration of nitrate ion (NO; ) and its
derivatives in groundwater.4 Here, we performed the reduction
of NO;  into NH; with photocatalytically generated hydrogen
as another environmentally benign process that could produce
NHj; without releasing CO, and consuming excess energy.

The catalytic reduction of NO; into nitrogen (N,) with H,
has been investigated as an ideal detoxifying process.” Copper—
palladium (CuPd) bimetallic alloy nanoparticles loaded on a
support are known to be active for NO;  reduction into N in
the presence of hydrogen dissolved in solution. It has been
proposed that the NO3 ™ ions are first reduced to nitrite ions
(NO,”) on the bimetallic CuPd surface.” Then, NO,  is
reduced to N, or NH;. Previous reports suggested that the
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distribution of Pd and Cu in the bimetallic particles dictate the
selectivity in the latter step. On the particulate alloys where Pd
atoms form relatively large domains, NO, is preferentially
reduced into N,.° On the other hand, NH; generation appears
to preferentially occur on the well mixed alloy surfaces.® In order
to prepare homogeneously mixed nanoalloys, we synthesized
CuPd alloy nanoparticles first, which we then deposited on a
TiO, support. CuPd nanoalloys were produced by a chemical
reduction method using poly[n-vinyl-2-pyrrolidone] (PVP) as a
protective reagent to control the alloy size.” Characterization of
the sample was performed by inductively coupled plasma atomic
emission spectrometry (ICP-AES), TEM, and powder XRD. The
molar composition of the alloy was determined by ICP-AES to be
Cu/Pd = 52:48. Based on the TEM image shown in Figure Sla,
the CuPd nanoalloys were found to have a moniliform structure.
The largest width of each bulge in the sample was taken for the
static values of their sizes. Average sizes of the CuPd nanoalloys
and Pd nanoparticles were determined to be 5.6 = 1.7 and 4.3
0.7 nm, respectively. TEM images of the CuPd nanoalloy taken
using high magnification are shown in Figure S1b and c. The
distorted lattice fringe as shown in Figure S1b indicates that the
crystallinity of the CuPd nanoalloy is quite low. The TEM image
in Figure Slc was taken along the [001] zone axis of the center
part of the field of vision. The d-spacing of {001} was estimated
to be 0.305 nm.

The XRD pattern of a prepared sample is displayed in
Figure 1a.* Although both metals have an fcc structure in the
bulk state, the XRD pattern of the nanoalloy could be reproduced
assuming a bee-type structure. This implies that the nanoalloy is
constructed of a homogeneous mixture of Cu and Pd atoms, and
not by a mixture of Cu and Pd clusters. The lattice constant was
determined to be 3.096(10) A by Rietveld profile analysis
assuming a B2-type ordered alloy structure. This lattice constant
agrees with the {001} d-spacing observed in the TEM image,
implying that the CuPd nanoalloy has bec-type symmetry. This
value is larger by 0.1 A than the constant for bulk B2-type CuPd
(2.99 A). In previous reports,” we proposed that the atomic
arrangement in as-prepared Pd nanoparticles is disordered and
characterized by a large lattice constant due to the extra volume
generated in the disordered lattice. We think a similar phenomenon
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Figure 1. (a)Powder XRD pattern and Rietveld profile of the CuPd
nanoalloy. The observed pattern (blue) was reproduced by the curve
calculated assuming a B2-type structure (lattice const. = 3.096(10) A,
diameter = 2.0(6) nm, Rw = 1.57%, GOF = 1.56) (red). (b) Time
courses of hydrogen evolution over CuPd/TiO, (red), Pd/TiO, (blue),
and TiO, (O).

may occur in the CuPd nanoalloy. It should be mentioned that
even though the most stable structure of bulk CuPd in an equal
Cu—Pd alloy composition is an ordered B2-type structure,'’ the
small crystalline size of the CuPd nanoalloy avoids an exact
attribution to ordered-B2 or disordered-bcc types.

In this study, TiO,, which is a conventional photocatalyst, was
selected as a support semiconductor. Photocatalysts were pre-
pared by simple mixing of TiO, powder (AEROXIDE, TiO,
P25S) and an aqueous solution of the CuPd nanoalloy. As a
reference sample, we also prepared a catalyst with PVP-coated Pd
nanoparticles (Pd/TiO,) with the same molar metal content as
that in CuPd/TiO,. The commonly used CuPd bimetallic
catalyst (n-CuPd/TiO,) was prepared using the impregnation
method."" Photocatalytic hydrogen generation and NO;~
reduction under UV irradiation (A > 300 nm) were carried out
in the presence of methanol as a sacrificial electron donor after
substitution of argon for air in the reaction system. To avoid
dispersion of NH; into the gas phase, the temperature of the
reaction vessel was maintained at 290 K using a water bath
equipped with a recirculation chiller. It was first determined that
NO;™ was not reduced over CuPd/TiO, in the absence of H,(g)
and UV irradiation. As separate control reactions, we examined
NO; reduction without UV irradiation, i.e, in the dark, but with
ca. 350 Torr of added H,(g), which corresponds to twice the
amount of hydrogen generated under UV irradiation for 3 h. The
concentrations of NO; ,NO, , and NH; in the solution and an
amount of generated N, in the gas phase were determined by ion
chromatography and gas chromatography, respectively.

Time courses of hydrogen evolution over CuPd/TiO,, Pd/
TiO,, and TiO, are shown in Figure 1b. The amount of H,
evolved over CuPd/TiO, was found to be greater than that over
TiO, and Pd/TiO,. These results indicate that, similar to Pd,
CuPd nanoalloys act as an effective cocatalyst for hydrogen
production from water containing 10 vol% methanol.

It is notable that CuPd/TiO, including Cu by the amount of a
half atomic percentage of the nanoalloy showed an excellent
activity, higher than that of Pd/TiO,. Percentages of residual
NO; , generated NO, , and NHj to the initial concentration of
NOj; in the reaction solutions are shown in Figure 2.1 During
the reaction over Pd/TiO, in the dark, almost none of products
are generated (a). Under UV irradiation, a small amount of
NO; ™ ions was converted, 15% of them to NH; (b). Compared
to the results for Pd/TiO,, larger amounts of NO; were
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Figure 2. Concentrations of NO;~ (blue), NO,  (green), NH; (red),
and N, (black) relative to the initial NO; concentration after reaction
in 2470 uM NO;  aqueous solution including 10 vol% methanol. The
catalytic reactions were conducted with the following: (a) Pd/TiO,
(0.46 wt %) with H, in the dark and (b) under UV irradiation, (c) n-CuPd/
TiO, (0.37 wt %) with H, in the dark and (d) under UV irradiation, and
(e) CuPd/TiO, (0.37 wt %) with H, in the dark and (fand g) under UV
irradiation. Reaction time for (a—f) was 3 h and that for (g) is S h.

converted to NO, and NH; over n-Cu—Pd/TiO, in the dark
(c). Under UV irradiation, 28% of NO;~ was converted to NH;
(d). In the reaction over CuPd/TiO, in the dark, NO,  ions
were found to be the main product with a concentration of 64%
and a small amount of NH; was detected (e). On the other hand,
large amounts of NH; were produced under UV irradiation (f).
After Shofirradiation, all of NO; ™ ions were converted and NH;
was identified as a product with a concentration of 76% (g). This
value is higher than 28% in the photocatalytic NO; reduction
over n-Cu—Pd/TiO, (d)."**"* Conversion of NO;~ ions over
CuPd/TiO, always resulted in small percentages of residual
NO;™ (e, f g), implying that, similarly to previously reported
results,”® CuPd bimetallic alloys showed high catalytic activity
for NO; reduction both in the dark and under UV irradiation.
Although the amount of NHj; in the gas phase could not be
determined in our experiments, the yield for NH;3 over CuPd/
TiO, under UV irradiation for S h was found to be 76% (g),
which corresponds to 78% of selectivity. These results indicate
that utilization of photocatalytically generated hydrogen leads to
high selectivity for NHj; in the reduction of NO;3™ . The quantum
yields for H, and NHj production over CuPd/TiO, were
determined to be 10.2 and 0.22% in the reaction under irradia-
tion of 365 nm monochromatic light.

Next, we examined reactions over CuPd/TiO, using an initial
concentration of NO; ions that was S times higher than
previously employed. In Table S1, reduced concentrations of
NO;  and concentrations of produced NO, and NHj after
reaction for 3 h in the dark and under UV irradiation are
tabulated. Ratios of these concentrations detected under UV
irradiation and in the dark are also shown. The reduction of
NO; concentration appeared to be almost linear compared to
the initial concentration of NO;  and was not affected by UV
irradiation. When the initial concentration of NO; was dis-
regarded, the amount of generated NH; was found to be 8—9
times more for reactions under photoirradiation than that
obtained in the dark. These results suggest that NO;  reduction
is not influenced by UV irradiation but NO, reduction to NH;
is much accelerated.
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To rationalize the high selectivity to NH; observed in the
reaction over CuPd/TiO, under UV irradiation, we propose two
explanations. First is the homogeneous mixing of Cu and Pd on
the surface of the alloy. Hydrogenation of NO, " is considered to
be a critical step controlling selectivity toward N, and NH;."* As
discussed above, we found that Cu and Pd atoms are homo-
geneously distributed in the CuPd nanoalloy. The percentage of
single Pd sites where a Pd atom is directly surrounded by copper
atoms is possibly large, resulting in highly selective NHj;
production.'® Thus, it can be said that detailed structural design
of the nanoalloy is required for the creation of highly efficient
catalysts.'® Second, is the high hydrogenation ability of photo-
catalytically generated hydrogen. The selectivity of NO, hydro-
genation over CuPd nanoalloys can be connected to the ratio of
reductant species to the surface coverage of N species, H/N.>¢
Given that the amount of hydrogen evolved on CuPd/TiO, is
larger than that on Pd/TiO,, it is likely that hydrogen atoms are
generated not only in the proximity of Pd sites but also around
Cussites. It is, hence, supposed that nitrogen oxides absorbed on
the surface are continuously surrounded by nascent hydrogen
atoms unremittingly. In such a case, a high H/N ratio is attained,
resulting in the high selectivity to NH3.

In the present study, it was found that photocatalytically
generated hydrogen exhibits high selectivity for conversion of
NO;  to NH;. This ability can be ascribed to a flux of nascent
hydrogen surrounding the substrates. Highly selective NH;
production via NO;  reduction using hydrogen evolved by solar
energy represents a promising approach for fossil-free NH;
production from waste treatment.
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