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ABSTRACT: Diamine-capped PtCu nanoparticles have been synthesized by the
simultaneous reduction of the corresponding bis-imine metal complexes with hydrogen
and supported onto a high-surface-area carbon. The obtained heterogeneous catalyst
was tested in thermally conducted aerobic oxidation of ethanol to acetic acid in water as
well as in the electrochemical oxidation of ethanol. Both types of catalyses mediated by
the PtCu alloy confirmed a notable increase in catalytic activity compared to the pure
Pt- and Cu-based counterparts due to a clear bimetallic effect.

■ INTRODUCTION
Acetic acid (AA) is an important platform chemical, which
finds major applications in the synthesis of vinyl acetate, acetic
acid anhydride, and esters used as solvents for inks, paints, and
coatings.1 Furthermore, AA is also very important in the food
sector, being a food additive and preservative with antimicro-
bial activity.1 Food-grade AA is mainly obtained by the
fermentative synthesis route, while the traditional chemical
synthesis is based on the carbonylation of methanol by means
of homogeneous Rh- and Ir-based catalysts2 or by direct
oxidation of ethylene with heterogeneous Pd-based catalysts at
423 K.3 Both latter syntheses processes have shortcomings
from a sustainability point of view. An alternative hence
synthesis protocol for AA might consist of the selective
transformation of biomass-originating substrates by means of
robust heterogeneous catalysts, using water as the solvent and
oxygen (air) as the final oxidant. In this context, ethanol
(EtOH), obtained from fermentation of biomass, is an
attractive substrate, while 1,2-propandiol (1,2-PD), gained by
hydrogenolysis of glycerol,4−7 yields stoichiometric amounts of
CO2 by its conversion to AA.4

The most efficient heterogeneous catalysts known for the
aerobic EtOH-to-AA conversion are mainly Au-5−8 and Ru-
based.9,10 Heterogeneous Pt-based catalysts have the advantage
of being active in the absence of an extra base, thus avoiding
the generation of huge amounts of inorganic salt. To reduce
the amount of platinum used for the catalytic process, alloy
NPs formed between Pt and other non-noble metals are
important. In particular, PtCu alloy NPs, which have been
mostly employed as electrocatalysts for alcohol and polyol
oxidation reactions,11−15 for the aerobic oxidation of benzyl
alcohol,16,17 as a catalyst for thermal NOx reduction18 and

glycerol hydrogenolysis to 1,2-PD,19 are very promising since
the synergistic effect between both metals (i.e., Cu electron
donor and Pt electron acceptor) might increase the catalytic
activity compared to the pure Pt counterpart. A major hurdle
in the synthesis of well-defined PtCu NPs is the fact that the
composition of PtxCu1−x alloy NPs

20,21 can vary notably (i.e., 0
≤ x ≤ 1) and the final alloy composition depends not only on
the metal ratio used but also on the reaction conditions (i.e.,
reaction temperature, precursor, and capping ligand used).22,23

Herein, we show that the synthesis of diamine-stabilized
PtCu NPs, characterized by a Pt-to-Cu atom ratio of 1 by the
simultaneous reduction of a Pt(II) and Cu(II)-bis-imine
complex, is a suitable synthesis procedure. A secondary
diamine ligand with hexadecyl chains and an ethylene spacer
in between the nitrogen atoms was chosen as the stabilizing
ligand for the PtCu and its Pt and Cu counterparts for the
following reasons: (i) NPs are stabilized by the steric effect
exerted by the long aliphatic chains; (ii) stronger coordination
to the surface metal atoms of the NPs by exploiting the
chelating effect compared; (iii) nitrogen functionalities are
stable under aerobic oxidation reaction conditions; (iv) the
ligand is completely insoluble in polar solvents such as water
and low-molecular-weight alcohols, thus avoiding leaching of
the ligand from heterogeneous support; and (v) the secondary
amine functionalities might be exploited as proton or
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hydroxide shuttle in close proximity to the catalytically active
surface metal atoms, which is important in aerobic and
electrochemically conducted oxidation reactions. The carbon-
supported capped-bimetallic NPs were screened for EtOH
oxidation under thermal and aerobic as well as under
electrochemical conditions to yield AA.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Catalysts. The

diamine (L)-capped PtCu NPs and their Pt and Cu
counterparts (i.e., (PtCu)L, PtL, and CuL) have been obtained
following a synthesis protocol, which comprises two important
reaction steps (Scheme 1): (i) the coordination of the
metal(II) salts to N,N′-bis-(n-hexadecyl)α-diimine in dichloro-
methane at room temperature; and (ii) the reduction of the
coordination compound with hydrogen gas (20 bar) in
dichloromethane at 333 K for 12 h in an autoclave. In the
case of (PtCu)L@CK, a 1:1 mixture of Pt(II) and Cu(II) bis-
imine coordination compounds was dissolved in dichloro-

methane and used for synthesis step ii (Scheme 1) During the
reduction step with hydrogen (step ii), a suspension was
obtained, which consisted of L-stabilized NPs (soluble in
dichloromethane) and the ammonium salt of the ligand, which
is only partially soluble in dichloromethane. The ammonium
salt was then separated from the L-stabilized NPs by
evaporation of the dichloromethane suspension, addition of
n-pentane, and filtration of the suspension. The n-pentane
solution was concentrated to dryness, and the solid was
analyzed by ICP-OES prior to dissolving it again, mixing with a
sonicated suspension of carbon (Ketjenblack EC-600 JD, CK)
followed by the evaporation of the solvent (Scheme 1, step iii).
The isolated powders of (PtCu)L, PtL, and CuL have been

analyzed by ICP-OES, showing for (PtCu)L Pt and Cu
contents of 13.94 and 4.86 wt %, respectively; for PtL, a Pt
content of 15.81 wt %; and for CuL, a Cu content of only 1.88
wt %, which is in agreement with the observation that during
the workup of CuL, we observed the presence of a precipitate,
which corresponded, according to PXRD analysis, to

Scheme 1. Syntheses of PtL/(PtCu)L/CuL@CK

Figure 1. PXRD spectra of as-synthesized PtL (a) and (PtCu)L (b).
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unstabilized Cu NPs (Figure S1). This experimental result
indicates that the lower reduction potential of Cu(II)/Cu(0)
compared to Pt(II)/Pt(0) (0.34 vs 1.2 V) avoided the
formation of many nucleation events, and as a consequence,
these latter seeds grew slowly, resulting in larger NPs
compared to those obtained in the case of PtL.24 The
coordinating ligand seems not to have a fundamental role in
controlling the end size of the Cu NPs, which has been
corroborated by a significantly larger standard deviation
observed for CuL NPs compared to the Pt counterparts.
The PXRD spectrum acquired at room temperature for PtL

(Figure 1, trace a) clearly exhibited the Bragg reflexes
characteristic for the fcc-Pt metal phase, with the most intense
Pt (111) reflex centered at 39.73° (2Θ). The analogous PXRD
spectrum for (PtCu)L (Figure 1, trace b) showed that the PtCu
(111) Bragg reflex centered at 42.01 ° (2Θ) shifted to a higher
2Θ compared to PtL due to the smaller elementary cell present
in PtCu compared to Pt.11,13 Importantly, both PXRD spectra
show a narrow Bragg reflex at 21.32° (2Θ), which has been
assigned to the crystalline part of the capping ligand. The
average NPs’ sizes for PtL and (PtCu)L, determined by the
Debye−Scherrer method25 and based on the corresponding
(111) reflexes, were shown to be 3.7 and 2.2 nm, respectively.
XPS analysis conducted on (PtCu)L (Figure 2a, Table S1)

showed for surface Pt atoms the occurrence of three oxidation

states: B.E. of Pt 4f 7/2 70.4 eV, Pt(0); 72.5 eV, Pt(II); and 74.5
eV, Pt(IV), with Pt(0) (56.2%) being the most abundant
one.26 PtL showed the same surface Pt oxidation states as
(PtCu)L, which slightly (0.1 eV) shifted to higher B.E. (i.e.,
B.E. of Pt 4f 7/2 70.5 eV, Pt(0); 72.6 eV, Pt(II); and 74.6 eV,

Pt(IV)). The Pt(II) oxidation state is much more present in
(PtCu)L (39.2%) than in PtL (14.1%), indicating a much more
easier oxidation of Pt(0) in the presence of Cu (i.e., electron-
donating effect of Cu), which is also in agreement with the
slightly lower B.E.s found for the Pt(0-IV) oxidation states in
the case of (PtCu)L compared to PtL.
The Cu 2p3/2 photoelectron spectrum for (PtCu)L exhibited

two contributions at B.E. 931.6 and 935.2 eV, which have been
assigned to Cu(0) and Cu(II) surface species, respectively.27,28

The surface Pt-to-Cu atom ratio in (PtCu)L was found to be
0.5, indicating an excess of Cu atoms with respect to Pt on the
NPs’ surface, which is in accordance with a more difficult
reduction of Cu(II) compared to Pt(II). The bulk analysis
(PtCu)L carried out by ICP-OES gave a Pt and Cu molar ratio
of 0.93, which is close to 1, expected for a 1:1 PtCu alloy.
The N 1s photoelectron peak for the diamine ligand in PtL

and (PtCu)L has been deconvoluted in two components
centered at B.E. 399.3 and 400.6 eV (Table S1). The former
B.E. is shifted to a higher B.E. (1.1. eV) compared to
uncoordinated L (B.E. 398.2 eV) (Figure S2), confirming
hence the interaction of the amine nitrogen atoms of L with
the NPs’ surface atoms, whereas the B.E. of 400.6 eV was
assigned to hydrogen-bond interactions between the capping
amine functionalities and surface metal hydroxide species.29,30

A comparison of the N 1s B.E. for PtL, (PtCu)L, and CuL gave
an indication that the amine nitrogen atoms of L interact with
surface Pt(0) atoms of (PtCu)L.
The interaction of the capping ligand with the NP surface of

PtL and (PtCu)L has been further studied by 1H NMR
spectroscopy. To this purpose, spectra have been acquired in
C6H6-d6 for L, PtL, and (PtCu)L (Figure 3). Upon
coordination of L to the NP surface atoms, the singlet
centered at 2.78 ppm (i.e., N-CH2CH2-N) and the triplet at
2.69 ppm (3JHH = 7.4 Hz, CH2-R), both signals assigned to the
uncoordinated L (Figure 3, trace a), experienced a shift to a
lower frequency in PtL (i.e., 2.62 ppm and 2.42 ppm,
respectively) (Figure 3, trace b), which is in accordance with
a shielding of these protons. In addition, the chemical shifts
observed for the above-mentioned hydrogen atoms in (PtCu)L
were comparable to that of PtL, and thus, we concluded that L
coordinates to surface Pt(0) atoms of (PtCu)L.
The CK-supported catalysts PtL@CK and (PtCu)L@CK have

been analyzed by TEM, PXRD, and BET measurements. As a
result, TEM images and the corresponding histograms for PtL/
(PtCu)L@CK (Figure 4) showed the presence of small,
spherically shaped NPs with a narrow size distribution (i.e.,
PtL@CK, dm = 3.43 ± 0.43 nm and (PtCu)L@CK, dm = 2.18 ±
0.23 nm). The latter NP sizes matched well with those of the
unsupported catalysts (i.e., PtL, 3.7 nm and (PtCu)L, 2.2 nm).
Unlike PtL and (PtCu)L, CuL showed the largest NP size and
size distribution (i.e., dm = 4.35 ± 0.89, Figure S3)
PXRD spectra acquired for PtL@CK (Pt loading of 0.75 wt

%) and (PtCu)L@CK (Pt loading of 0.34 wt %) (Figure 5,
traces b and c, respectively) showed only in the former case a
Bragg reflex assigned to the metal phase (i.e., Pt (111) at 39.73
(2Θ)) due to the higher Pt loading and larger NP size in PtL@
CK compared to (PtCu)L@CK. On the other hand, the PXRD
spectrum of (PtCu)L′@CK (Figure 5, trace d), featured by a Pt
loading of 2.04 wt %, showed an asymmetric peak at ca. 43.0°
(2Θ), which deconvoluted in two broad Bragg peaks (i.e., PtCu
(111) at 42.0° (2Θ) and a broad peak stemming from CK

(Figure 5, trace a)). In addition, the PXRD spectrum of
(PtCu)L′@CK showed for the capping ligand a broad

Figure 2. XPS spectra in the Cu2p, Pt4f, and N1s regions for (PtCu)L
(a), PtL (b), and CuL (c).
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diffraction hump between 19 and 25° (2Θ), which is indicative
of an amorphous phase for L, due to the NP dispersion and
ligand interaction with the support surface.31

BET analyses conducted for PtL@CK (Figure S4) and
PtCuL@CK (Figure S5 and Table S2) were based on nitrogen
physisorption and revealed for both catalysts a similar but

Figure 3. 1H NMR spectra acquired in C6H6-d6 for L (a), PtL (b), and (PtCu)L (c). Asterisks denote the relevant 1H NMR signals involved in the
interaction of L with the NP surface atoms.

Figure 4. TEM micrographs and histograms for PtL@CK (upper, dm = 3.43 ± 0.43 nm) and (PtCu)L@CK (lower, dm = 2.18 ± 0.23 nm).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c04202
Inorg. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c04202/suppl_file/ic2c04202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c04202/suppl_file/ic2c04202_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04202?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c04202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


slightly lower surface area compared to CK (i.e., PtL@CK,
1352.6 m2/g; (PtCu)L@CK, 1267.7 m2/g; and CK, 1500 m2/
g30). By increasing the loading of (PtCu)L on CK, as in the case
of (PtCu)L′@CK, the BET surface area dropped significantly
(846.37 m2/g) (Figure S6). Due to the higher metal loading in
(PtCu)L′@CK compared to (PtCu)L@CK, we were able to
carry out a reliable XPS analysis with the former supported
catalyst. The related XPS data have been compiled in Table S1
and are in line with those found for (PtCu)L, which proves that
the capped NPs did not undergo alteration during their
heterogenization on CK.

Catalytic Aerobic Oxidation of EtOH in Water. PtL/
(PtCu)L/CuL@CK has been screened for the aerobic oxidation
of EtOH in water, applying identical experimental conditions
(i.e., EtOH (0.27 M), T (413 K), p(air) (20 bar), t (17 h)). To
avoid mass-transfer limitations during the catalytic reactions,
the stirring speed of the magnetically mixed suspensions was
optimized (900 rpm). The catalytic solutions have been

analyzed by HPLC (Figure S7) and 1H NMR spectroscopy
(Figure S8) after the solid catalysts had been separated from
solution. The results of the catalytic reactions have been
compiled in Table 1. The aerobic oxidation of EtOH applying
the above-mentioned experimental conditions and in the
absence of a metal catalyst gave a conversion of 14.6% with
acetaldehyde (AcA) as the major reaction product (Table 1,
entry 1), whereas in the presence of the heterogeneous
catalysts, the EtOH conversion and AA selectivity notably
increased (Table 1). The observed catalytic activity increased
in the order CuL@CK < PtL@CK < (PtCu)L@CK (Table 1). In
addition, at high EtOH conversion (>90%), the much higher
catalytic activity, AA selectivity, and yield obtained with the
bimetallic catalyst compared to the pure Pt-based catalyst are
evident (Table 1, entry 5 vs 3). Interestingly, (PtCu)L′@CK,
which is featured by a higher loading of bimetallic NPs
compared to (PtCu)L@CK, gave a notably lower TON
compared to the diluted case (Table 1, entry 6 vs 4). This

Figure 5. PXRD spectra acquired at room temperature for CK (a), PtL@CK (b), (PtCu)L@CK (c), and (PtCu)L′@CK (d).

Table 1. Catalytic Aerobic Oxidation of EtOH and AcA in Watera,b,c,d,e,f,g,h,i

aCatalytic condition: EtOH (13.7 mmol), water (50.0 mL), p(air) = 20 bar at 413 K, t (17 h), T (413 K). bConv. (%) defined as: 100 × [mmol
(substrate initial) − mmol (substrate recovered)]/mmol (substrate initial). cTON defined as: mmol (substrate converted)/mmol (Pt). dSel. (%)
defined as: 100 × [mmol (product)/∑ mmol (AcA + AA)]. eYield (%) defined as: 100 × [mmol (AA)/mmol (substrate initial)]. fCO2 (%)
defined as: 100 × [mmol (substrate initial) − mmol (substrate recovered) − ∑ mmol (products)] / mmol (substrate initial). gt (40 h). hCu (4.40
μmol). iAcA (13.7 mmol), t(3 h).
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experimental result strongly indicates that upon increasing the
loading of the PtCu NPs on CK, the sterically demanding
capping ligand covers to a certain extent the NPs disfavoring
the substrate access to the catalytically active reaction sites
located on the NPs’ surface, bringing about a drop of the
catalytic activity. The headspace analysis (GC-TCD, Figure
S9) of the autoclave conducted after catalysis confirmed the
formation of CO2 during the aerobic EtOH oxidation to AA
(Table 1). The percentage of EtOH converted to CO2 is the
highest with PtL@CK, while under comparable EtOH
conversion, less CO2 is formed when the bimetallic catalysts
are used (i.e., > 90.0% EtOH conversion, 37.1 vs 23.2% CO2
formed). To better understand the origin of CO2 formation
during aerobic EtOH oxidation, we carried out analogous
oxidation reactions using AcA as the substrate (Table 1, entries
8−11). At 413 K, the aerobic oxidation of AcA was fast, even
in the absence of metal-based catalysts (i.e., AcA is known to
undergo radical-based conversion into AA in water and in the
presence of oxygen),32 and 8.5% CO2 was formed at almost
complete AcA conversion to AA (Table 1, entry 8). Analogous
catalytic reactions in the presence of the NP-based catalysts
gave at almost complete AcA conversion the highest AA yield
and the lowest CO2 formation for the bimetallic catalyst
(Table 1, entry 10 vs 9 and 11). The higher amount of CO2
formed during AcA oxidation in the presence of metal
catalysts, compared to the uncatalyzed case, confirmed that
CO2 is formed during the activation of acetaldehyde by the
metal catalyst, which is furthermore underscored by the
experimental fact that AA is stable under the catalytic
conditions given in Table 1, even in the presence of a metal-
based catalyst (i.e., 3% AA conversion to CO2 after 17 h, T 413
K, p(air) 20 bar).
A comparison of the catalytic performance of (PtCu)L@CK

with other catalysts, known for the aerobic EtOH oxidation to

AA, revealed that only a Ru(0) NP-based catalyst confined into
layered double hydroxides (LDHs) gave similar catalytic
results (i.e., AA selectivity: 95.6% at an EtOH conversion of
94.1%, yield AA, 90.0%) using a higher reaction temperature
(423 K) and air pressure (30 bar) along with a much lower
EtOH-to-Ru molar ratio of only 480 compared to 14 574 used
in the present study.9 All known heterogeneous Au-based
catalysts, employed for the aerobic EtOH-to-AA oxidation,
need a basic support material and much more drastic reaction
conditions (i.e., T > 453 K5−7 or high oxygen pressure (30
bar)8) to reach comparable EtOH conversions.

Catalyst Stability. To test the stability of the Pt-based
catalysts during the catalytic reactions, we carried out TEM,
BET, and XPS analyses on catalysts, recovered from oxidation
reactions, which lasted for 17 h. TEM micrographs and the
corresponding histograms of the recovered catalysts are shown
in Figure 6. As a result, the average particle sizes for PtL@CK

and (PtCu)L@CK were found to be 4.08 ± 0.65 nm (as-
synthesized, 3.43 ± 0.43 nm) and 2.44 ± 0.43 (as-synthesized,
2.18 ± 0.23 nm), respectively, which indicated a higher
stability of the bimetallic catalyst compared to the pure Pt-
based one. TEM analysis conducted on recovered (PtCu)L′@
CK (dm = 2.37 ± 0.38 nm, Figure S10) confirmed the high
stability of the bimetallic NPs under real experimental
conditions. We may thus infer from this latter result that the
significantly lower catalytic activity found for (PtCu)L′@CK

compared to (PtCu)L@CK in EtOH oxidation is not due to the
change of the NP size during catalysis (i.e., high thermal
stability of the particles) but rather due to the partial burial of
the NPs by the capping ligand. In this respect, a variable-
temperature PXRD study carried out with (PtCu)L in an air
atmosphere showed the loss of the capping ligand’s crystallinity
at 413 K (reaction temperature of catalytic reactions) due to
the high mobility of the aliphatic chains, and on cooling, the

Figure 6. TEM micrographs and histograms for the recovered PtL@CK (upper, dm = 4.08 ± 0.65 nm) and (PtCu)L@CK (lower, dm = 2.44 ± 0.43
nm).
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initial crystallinity of the capping ligand was not restored
(Figure S11). In contrast, the PXRD pattern assigned to the
PtCu alloy phase did change upon thermal treatment.
An XPS analysis of the recovered (PtCu)L′@CK (Figure 7,

trace b; Table S1) gave a surface metal atom-to-nitrogen atom

ratio of 0.3, which is identical to that of the as-synthesized
catalysts (Figure 7, trace a). In addition, no N 1s photoelectron
peak assigned to the uncoordinated ligand (398.2 eV) has been
detected. Both of these latter results confirmed that the
bimetallic NPs are efficiently coordinated by the capping
ligand. The Pt-to-Cu atom ratio decreased slightly from 0.7 to
0.6 (recovered catalyst), which is in line with the result
obtained from the ICP-OES analysis carried out on the
catalytic solution, showing a slightly higher Pt than Cu leaching
(i.e., Pt and Cu leaching of 5.0 and 3.7%, referred to the initial
metal content). Interestingly, the ratio of the II/0 oxidation
states of both metals changed during catalysis. The percentage
of Pt(0) increased at the expense of the catalytically active
Pt(II) sites (i.e., 32.9 vs 22.8%, recovered catalyst), while the
percentage of Cu(II) increased from 17.5 to 23.0%.
BET analysis conducted on recovered PtL/(PtCu)L@CK

(Figures S12 and S13) exhibited reduced surface areas of 11
and 13%, respectively, compared to the as-synthesized ones
(Table S2), which might to some extent be due to the mobility
of L on CK at 413 K, which leads to a partial coverage of pores
(i.e., the cumulative pore volume decreased for both catalysts
during catalysis) (Table S2).
A recycling experiment carried out with (PtCu)L@CK

showed a clear decrease of its catalytic performance (Table
2, entry 2 vs 1). We then activated the recovered catalysts (2nd
run) with air (20 bar) for 5 h at 413 K and used them for a
further catalytic reaction (Table 2, entry 3).
As a result, the EtOH conversion increased from 80.2 (2nd

run) to 92.0% with a concomitant increase of the AA
selectivity to 93.0% (Table 2, entry 3 vs 2). A further catalytic

reaction (Table 2, entry 4) proved that the catalytic
performance of (PtCu)L@CK was restored, provided that the
recovered catalysts underwent an activation step with air
(Table 2, entry 4 vs 3).

Electrochemical Oxidation of EtOH. PtL/CuL/
(PtCu)L@CK has been tested in the electrochemical oxidation
of EtOH in an alkaline solution (i.e., KOH, 1 M). To this
purpose, we carried out cyclovoltammetry (CV) scans at room
temperature and in the presence of a nitrogen atmosphere
applying a scan rate of 50 mV/s in an interval of potential
ranging from −1.2 to 0.4 V in the absence of EtOH (Figure
8A). The specific current (Sc) shown in Figure 8A/B has been
referred to the amount of Pt present in both catalysts (i.e.,
PtL@CK, 1.6 μg/cm2; and (PtCu)L@CK, 0.76 μg/cm2).
A complete CV scan with (PtCu)L@CK in the above-

mentioned potential range showed two peaks: peak I, anodic
scan at −0.7 V; and peak II, cathodic scan at −0.38 V. The
former peak was assigned to the oxidation of surface Pt(0) to
Pt(II)-OH species,33,34 which were successively converted into
PtO during the water oxidation reaction (WOR) (i.e., onset 0.2
V) (Figure 8A). Peak II is associated with the reformation of
active Pt(II)-OH species. In contrast, PtL@CK showed, under
identical electrochemical conditions, only peak I as a very
broad low-intense hump at −0.5 V (i.e., potential shift of 0.2 V
to a higher potential with respect to (PtCu)L@CK), confirming
a much more favorable surface Pt(II)-(OH) species generation
in the case of (PtCu)L@CK. CV scans conducted with the
supported catalysts in the contemporary presence of KOH (1
M) and EtOH (0.2 M) in the same potential interval as
reported above exhibited for (PtCu)L@CK four distinct
electrochemical steps in the course of a complete CV cycle,
which have been assigned to the Pt(II)-OH formation (peak
I), the EtOH oxidation (peak II), the reformation of the
Pt(II)-OH (peak III), and the EtOH oxidation (peak IV)
(Figure 8B). In the case of PtL@CK, only peak II (Figure 8B)
has been observed, showing a very low Sc (i.e., maximum at
−0.25 V), whereas (PtCu)L@CK gave a Sc of 3.0 mA/μg(Pt)
at −0.3 V (i.e., a lower onset potential for EtOH oxidation
compared to PtL@CK and hence a faster reaction kinetic in
EtOH oxidation). This latter result, obtained with (PtCu)L@
CK, is in complete accordance with the remarkable perform-
ances observed for related PtCu-nanoalloy-based electro-
catalysts used for EtOH oxidation.11 The Cu-alloying with Pt
fulfills a dual role in the electrochemical oxidation of EtOH
with (PtCu)L@CK: (i) copper alters the electronic structure of
Pt, which brings about a weakening of the interaction between
RCOads and Pt; and (ii) copper fosters the formation of surface
hydroxide species on the surface in an alkaline solution. On the
other hand, a pure Cu-based catalyst, such as CuL@CK, gave

Figure 7. XPS spectra for (PtCu)L′@CK: as-synthesized (a) and
recovered (b).

Table 2. Recycling Experiments Conducted with (PtCu)L@
CKa

entry conv. (%)b sel. AcA (%)b sel. AA (%)b

1 97.5 2.0 98.0
2c 80.2 23.0 77.0
3d 92.0 7.0 93.0
4e 90.0 9.0 91.0

aCatalytic condition: (PtCu)L@CK (Pt, 0.94 μmol), EtOH (13.7
mmol), water (50.0 mL), p(air) = 20 bar, T (413 K), t (40 h).
bDefined as reported in Table 1. c2nd run. d3rd run after activation of
the recovered catalyst (2nd run) with air (20 bar) at 413 K for 5 h.
e4th run conducted as 3rd run.
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no appreciable CV peak under identical electrochemical
conditions, neither in the presence nor in the absence of
EtOH (Figure S14).

Mechanistic Aspects of Aerobic EtOH Oxidation.
From aerobic EtOH oxidation reactions (autoclave experi-
ments) conducted in the absence and presence of (PtCu)L@
CK, it was clearly seen that the first oxidation step (i.e.,
conversion of EtOH to AcA) was the rate-determining step
concerning the overall oxidation to AA (Scheme 2). This latter

reaction is a Pt(II)-catalyzed dehydrogenation reaction, which
comprised (i) the reaction of EtOH with the NP surface
Pt(II)-OH species (A) to give the alcoholate intermediate B
(i.e., activated form of the alcohol) (Scheme 2).34 Cu notably
increased the amount of surface Pt(II) due to its favorable
electronic effect, which fosters oxidation of surface Pt(0).35 (ii)
An OH−-mediated deprotonation of the α-hydrogen atom of
the alcoholate yielding water and releasing AcA, which is in
equilibrium with the corresponding hydrate as observed in the
1H NMR spectra of the catalytic solutions (Figure S8); (iii)
reduction of Pt(II) to Pt(0) upon release of AcA (intermediate
C) (i.e., XPS evidence of the recovered bimetallic catalyst).

The reduction of the amount of catalytically active Pt(II) sites
during aerobic alcohol oxidation is the real deactivation step of
this bimetallic catalyst (i.e., the catalytic activity can be restored
by activating the recovered catalyst with air in the absence of a
substrate).
The deprotonation of the alcoholate species is generally

assumed to be the rate-determining step in the metal-catalyzed
alcohol dehydrogenation reaction. Hence, the rate of the latter
reaction step is strongly dependent on the concentration of
surface OH− anions.36 In this context, NP surface Cu(II) sites
along with the diamine functionalities of the capping ligand
(i.e., XPS evidence for hydrogen-bond interaction of NH
functionalities of the capping ligand with surface M(II)-OH
units) may be important OH− shuttles since they are located in
close proximity to the surface Pt(II)-alcoholate species.36

The catalytically active species A (Scheme 2) was then
regenerated by the reaction of surface Pt(0) sites of species C
with O2 and water through an oxygen reduction reaction
(ORR), where oxygen served as an electron scavenger (i.e.,
oxygen has never been observed to be incorporated in the final
oxidation product).37 Hydrogen peroxide, which is the first
oxygen reduction product of the ORR, is converted into OH−

anions, which compensate their consumption during alcohol-
ate formation and the successive deprotonation step.37

The oxidation of AcA to AA is a much faster reaction
compared to the dehydrogenation of EtOH at the same
reaction temperature and even in the absence of a catalyst. The
experimental fact, that along the NP-catalyzed AcA oxidation
CO2 was formed in amounts that were notably higher
compared to the uncatalyzed reaction (Table 1), led to the
conclusion that the oxidation of AcA to AA may follow the
same reaction path as shown for EtOH using the acetaldehyde
hydrate as the substrate (Scheme 2). The formation of CO2,
which implies a C−C bond scission, is an undesired reaction
path, which is disfavored to some extent by the presence of
surface Cu atoms (i.e., CO2 formation is lower with the
bimetallic catalyst compared to the pure Pt- and Cu-based
counterparts).

■ CONCLUSIONS
Diamine-stabilized PtCu NPs with a Pt:Cu (1:1) core and a
Cu-enriched surface (Pt:Cu, 1:2) have been synthesized by the
simultaneous reduction of a 1:1 mixture of Pt(II) and Cu(II)

Figure 8. CV curves acquired for PtL@CK (black trace) and (PtCu)L@CK (red trace) in KOH (1 M) (A) and in the presence of EtOH/KOH (1
M) (B).

Scheme 2. Proposed (PtCu)L-Mediated Aerobic Oxidation
of EtOH
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bis-imine complexes with hydrogen. The diamine ligand, which
bears C16-alkyl chains, is strongly hydrophobic and interacts
through the secondary amine functionalities with surface Pt(0)
and M(II)-OH (M = Pt, Cu) sites. The heterogenization of the
generated capped-bimetallic NPs brought about their success-
ful usage as catalysts with an extremely low Pt loading of 0.34
wt % for the thermally conducted aerobic as well as
electrochemical oxidation of EtOH to acetic acid. The
presence of Cu in the alloy favored the formation of surface
Pt(II)-OH species, which are key species (i.e., promote the
rate-determining dehydrogenation steps in alcohol oxidation
reactions) in the aerobic as well as electrochemical oxidation of
EtOH. As a consequence, in both types of catalytic processes,
the bimetallic catalyst showed by far a higher catalytic activity
compared to its pure Pt and Cu counterparts, which were
synthesized following an analogous synthesis protocol. The
presence of Cu in the alloy NPs notably reduces the formation
of CO2, which is high in the case of the pure Pt counterpart
and which constitutes an undesired side product. The
bimetallic catalyst, recovered from catalytic aerobic EtOH
oxidation reactions, showed no alterations concerning the NP
size and ligand coordination but showed a reduced amount of
Pt(II) compared to the as-synthesized catalyst, which
constitutes the real deactivation process. By an air activation
step conducted in the absence of alcohol, the catalytic
performance was restored to a large extent. The robustness
of this bimetallic catalyst along with the very low amount of
catalytically active Pt (0.34 wt %) and the presence of a
diamine ligand, which might function as a hydroxide shuttle on
the NP surface, made this catalyst unique for EtOH oxidation
in water, outperforming, as far as the catalytic activity is
concerned, the best NP-based Au5−7 and Ru8−11 catalysts,
known for the aerobic EtOH oxidation.

■ EXPERIMENTAL SECTION
Materials. N,N′-Bis(hexadecyl)α-diimine was synthesized as

reported previously.4 EtOH, PtCl2, Cu(OAc)2, C6H6-d6, CHCl3-d,
H2O-d2, and Nafion ion-exchange resin solution (5 wt %) were
purchased from Aldrich and used without further purification.
Dichloromethane was distilled over CaH2, and n-pentane was stored
over molecular sieves. Ketjenblack EC-600 JD (CK, surface area of
1396 m2/g) was purchased from Akzo Nobel.31

Syntheses of PtL, CuL, and (PtCu)L. N,N′-Bis(hexadecyl)α-
diimine4 (400.0 mg, 0.79 mmol) reacted with PtCl2 (211.0 mg, 0.79
mmol) or Cu(OAc)2 (143.0 mg, 0.79 mmol) in deaereated CH2Cl2
(20 mL) at room temperature for 3 h. Afterward, the obtained
solutions were separately transferred into teflonated autoclaves (70
mL) by suction. The autoclaves were successively pressurized with
hydrogen (20 bar), heated to 333 K, and magnetically stirred for 12 h.
Afterward, the autoclaves were cooled to room temperature, the
excess gas was vented off, and the obtained suspension was
concentrated to dryness. Then, the obtained solid was resuspended
in n-pentane and filtered, and the n-pentane soluble fraction was
concentrated to dryness by a vacuum pump at room temperature,
obtaining the diamine (L)-capped NPs (PtL and CuL) as black and
dark-red powder, respectively. Yield PtL: 450.0 mg; ICP-OES: Pt,
15.81 wt %. Yield CuL: 280.0 mg; ICP-OES: Cu, 1.88 wt %.
A solution containing N,N′-bis(hexadecyl)α-diimine (400.0 mg,

0.79 mmol) and Cu(OAc)2 (143.0 mg, 0.79 mmol) in deaereated
CH2Cl2 (20 mL) was added to a deaereated CH2Cl2 solution of N,N′-
bis(hexadecyl)α-diimine (400.0 mg, 0.79 mmol) and PtCl2 (211.0
mg, 0.79 mmol) at room temperature. The combined solution was
then transferred under a nitrogen atmosphere into a teflonated
autoclave by suction. The autoclave was then successively pressurized
with hydrogen (20 bar), heated to 333 K, and mechanically stirred for
12 h. Afterward, the workup procedure was identical to that described

above for the synthesis of PtL and CuL, yielding (PtCu)L as a black
solid. Yield (PtCu)L: 560.0 mg; ICP-OES: Pt, 13.94 wt %; Cu, 4.86 wt
%.

Syntheses of PtL/(PtCu)L/(PtCu)L′/CuL@CK. PtL (100.0 mg) and
(PtCu)L (50.0 mg) were separately dissolved in n-pentane (10 mL)
and added to sonicated suspensions of CK in the same solvent using
2.0 and 1.8 g of CK for PtL and (PtCu)L, respectively. Since CuL
showed a low Cu content (1.88 wt %), 43.0 mg of CuL was dissolved
in n-pentane (10 mL) and added to a sonicated suspension of CK

(57.0 mg). The CK suspensions were magnetically stirred at room
temperature under a nitrogen atmosphere for 1 h, followed by
evaporation of the solvent to dryness. The obtained black solids were
analyzed by ICP-OES: PtL@CK: Pt, 0.75 wt %; (PtCu)L@CK: Pt, 0.38
wt %; Cu, 0.13 wt %; CuL@CK: Cu, 0.79 wt %. (PtCu)L′@CK was
synthesized as (PtCu)L@CK using a higher loading of (PtCu)L: ICP-
OES: Pt, 2.04 wt %; Cu, 0.81 wt %.

Catalyst Characterization. Powder X-ray diffraction (PXRD)
spectra were acquired at room temperature with a PANalytical
X’PERT PRO powder diffractometer, using Cu Kα radiation (λ =
1.5418 Å) and a Si zero background wafer as the sample holder. The
spectra were acquired at room temperature in the 2Θ range of 5.0−
80.0° using a step size of 0.1050°. Variable-temperature PXRD spectra
were acquired by means of an HTK 1500 heating chamber.
Transition electron microscopic (TEM) measurements were

carried out on a TEM PHILIPS CM 12 instrument, equipped with
an OLYMPUS Megaview G2 camera, and using an accelerating
voltage of 100 keV. Samples, suitable for the analyses, were prepared
by dropping a water suspension of the carbon-supported catalysts on a
holey film of a 300-mesh Cu grid, followed by evaporation of the
solvent at room temperature. The average particle size, characterized
by the mean particle diameter (dm), was calculated by applying the
following equation: dm = ∑dini/∑ni, where ni corresponds to the
number of particles of diameter di.
X-ray photoelectron spectroscopic (XPS) analyses were carried out

in a UHV chamber (10−9 mbar) equipped with nonmonochromatized
Al radiation (hν = 1486.6 eV) and a hemispherical electron energy
analyzer. The operating power of the X-ray source was 150 W, and
photoelectrons were collected normal to the sample surface,
maintaining the angle between the analyzer axis and the X-ray source
fixed at 54.5°. All samples were adsorbed on carbon tape, and XPS
spectra were acquired in a fixed analyzer transmission mode with a
pass energy of 44.0 eV. The spectra were analyzed using CasaXPS
software, and linear or Shirley functions have been used to subtract
the background. The deconvolution of XPS spectra has been
performed by applying a combination of Gaussian and Lorentzian
functions (70/30 ratio), and binding energies (B.E.) were calibrated
upon fixing the C1s component of the carbon tape at 285.1 eV.26

The Brunauer−Emmett−Teller (BET) specific surface area of CK-
supported catalysts was determined by nitrogen adsorption at 77 K
using a Micromeritics ASAP 2020 analyzer. The samples were
pretreated at 393 K under vacuum (3.95 × 10−5 bar) for 15 h. The
BET surface area was calculated in the pressure range between 0.1 and
0.22 p/p°, while the pore size was calculated by means of the BJH
method (17.00−3000.00 Å range).

1H NMR spectra were acquired at room temperature using a
Bruker Avance 400 MHz spectrometer and CHCl3-d, C6H6-d6, or
H2O-d2 as a solvent. For catalytic solutions, an Evans tube charged
with D2O was used.
ICP-OES were carried out with an ICP-optical emission dual-view

Perkin Elmer OPTIMA 8000 apparatus.
Cyclovoltammetry (CV) Measurements. CV experiments were

performed in a classical three-electrode cell with a glassy carbon
working electrode on which was supported the carbon-containing
catalyst by drop casting and successive drying. A platinum wire was
used as the counter electrode and (Ag/AgCl/KClsat) as the reference
electrode. Hence, if not otherwise stated, all potentials reported have
been referenced to saturated Ag/AgCl. All CV experiments were
conducted with deaereated solutions (i.e., nitrogen gas was bubbled
through the solution prior to the experiment, and the headspace of the
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solutions was kept under a nitrogen atmosphere during the
experiment).
The glassy carbon electrode containing the supported catalysts was

prepared as follows. The carbon-supported catalysts (i.e., PtL/PtCuL/
CuL@CK) (20.0 mg) were dispersed in a solvent mixture containing
distilled water (0.5 mL) and iso-propanol (1.5 mL). The obtained
dispersions were sonicated at room temperature for 30 min; then, a
portion of each dispersion was drop-cast onto a glassy carbon
electrode (i.e., surface area of 0.196 cm2), which had been polished
with alumina prior to use. After drying the glassy carbon electrode by
means of a nitrogen flow, a Nafion solution binder dissolved in iso-
propanol (2.6 μL, 0.5 wt %) was drop-cast on the deposited catalyst
and dried at room temperature. Comparative CV measurements (i.e.,
scan rate of 50 mV/s) were conducted in water solutions containing
KOH (1 M) and KOH (1 M)/EtOH (5 vol%).

Catalytic Reactions. A teflonated autoclave (320 mL) was
successively charged with EtOH (13.7 or 54.8 mmol), water (50 mL),
and the desired amount of catalyst (PtL/(PtCu)L/CuL@CK). The
autoclave was then sealed, pressurized with air, heated to 413 K, and
mechanically stirred (900 rpm). Once the latter reaction temperature
was reached, the air pressure was adjusted to 20 bar and stirring was
continued for the desired reaction time. Afterward, the autoclave was
cooled by means of an ice water bath to 283 K and a fraction of the
autoclave’s headspace gas withdrawn and analyzed by GC-TCD.
Then, the excess of gas was vented off, the suspension centrifuged,
and the solution decanted. The obtained solid was washed twice with
water (2 × 10 mL) before drying in a vacuum oven at 323 K. The
dried solid catalyst was then used for recycling experiments, following
the above-reported procedure.
The catalytic solutions were analyzed by HPLC (i.e., Shimadzu

apparatus equipped with an Aminex HPX-87H chromatographic
column (300 mm × 7.8 mm, BIO RAD) and an RID 10A detector)
using sulfuric acid (0.005 M) with a flow rate of 0.4 mL/min and a
column temperature of 308 K. The quantification of the residual
EtOH and of the organic products formed during catalysis was based
on calibration curves made for each compound, while 1H NMR
spectra were acquired by means of an Evans tube charged with D2O.
The headspace of the autoclave was analyzed by means of a Shimadzu
2010 apparatus, using He as the carrier gas, a TCD-17 detector, and a
Carboxen (Supelco) 1010 PLOT fused silica capillary column (30 m
× 0.32 mm).
The recycled catalyst was reactivated in an autoclave at 413 K with

an air pressure of 20 bar for 5 h.
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