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We report a self-limiting growth method of ultrasmall Pd-containing bimetallic nanocatalysts supported on carbon through 

under temperature reduction (UTR). The UTR phenomenon is observed for the (co)reduction of a second base metal precursor 

(M = Co, Ni, and Zn) below its thermodynamic reduction temperature in the presence of Pd. The origin of the UTR phenomenon 

lies in the hydrogen spillover of Pd to drive the (co)reduction of the base metal at the temperature below its thermodynamic 

reduction temperature; while, the further reduction is shut down simultaneously to limit the overgrowth of nanoparticles when 

forming nanoalloys. Using nitrided carbon as a support, we demonstrate the self-limiting growth of three Pd-containing 

nanoalloys, including Pd1.7Co, Pd1.6Ni and Pd2Zn, with average sizes around 1.5 nm using UTR. Sub-2 nm Pd-containing 

bimetallic nanoalloys exhibited excellent catalytic properties in both methanol electrooxidation and selective hydrogenation of 

cinnamaldehyde. 

1. Introduction 

Supported precious metal nanocatalysts on carbon are of great importance 

in various chemical transformations. When adding a second inexpensive base 

metal (e.g., M = Co, Ni, and Zn) to form nanoalloys, the decrease in the content 

of noble metals not only reduces cost and but brings interesting catalytic 

synergies. For example, nanoalloys consisting of base and noble metals show 

interesting interfacial effects, including electronic and geometrical advantages, 

that improve catalytic performance of bimetallic nanocatalysts significantly 

[1,1–7]. The most common method to synthesize supported bimetallic 

nanoalloys is impregnation and co-reduction of two metal precursors on 

substrates [8,9]. While there are a number of nanoalloys (e.g., Pd-containing 

nanoparticles, NPs) that show improved catalytic activities compared to pure 

Pd [10], the co-reduction yields bimetallic NPs in a broad size distribution and 

nonuniform alloying [11]. 

In terms of the high atom efficiency as catalysts, ultrasmall nanoalloys (< 2 

nm) are highly desirable [12,1–15]. The synthesis of such nanoalloys on carbon 

is technically challenging given the large surface energy favoring to aggregate 

[16]. To grow bimetallic nanoalloys of noble and base metal pairs on carbon, 

co-impregnation of two metal precursors did not provide satisfactory alloying 

neither in terms of the composition and size of nanoalloys [17,18]. The main 

synthetic challenges are two-fold: i) competitive adsorption on carbon which 

limits the content of base metals; and ii) differences in redox potential of noble 

and base metal pairs making it challenging to reduce them concurrently to form 

alloys. 

We report a simple self-limiting growth method to directly grow ultrasmall 

bimetallic nanoalloys of noble (Pd-based as examples) and base metal pairs on 

nitrided Printex U carbon (NC). The method is based on the co-impregnation 

of two metal precursors where metal cations are co-adsorbed through the metal-

N coordination. Since the NC 
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Fig. 1. (a) Scheme of the self-limiting growth of bimetallic nanoalloys. (b,c) HAADF-STEM, (d,e) aberration-corrected STEM, (f) EDS mapping and (g) corresponding EDS line profile 

of Pd1.7Co. 
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Fig. 2. (a) H2-TPR of pure Pd2+ and Co2+ on NC. (b) High-resolution Co 2p and (c) Pd 3d XPS spectra of Pd1.7Co, precursors before reduction. (d) CO striping voltammograms of Pd1.7Co 

and Pd. 

 

Fig. 3. (a–d) Size distribution histograms, (e–h) HAADF-STEM images, and (i–l) CO striping voltammetry of Pd (∼1.1 nm) on NC and three continuous Co coating on 

Pd. 

is highly selective to adsorb noble metal ions (Fig. S1), co-impregnation of the 

two metal ions was carried out at extremely high ratio with much excess base 

metals. To avoid consecutive heterogeneous nucleation of the two metals, for 

the first time, we demonstrate the under temperature reduction (UTR) for the 

synthesis of Pd-containing bimetallic nanoalloys below its thermodynamic 

reduction temperature, similar to underpotential deposition [19]. The UTR 

shows excellent control of nanoalloy size, because of the self-limiting process 

by hydrogen spillover on nanoalloys. Three Pd-containing ligand-free sub-2 nm 

nanoalloys, including Pd1.7Co, Pd1.6Ni and Pd2Zn (PdxM, x represents the ratio 

of Pd to M), were prepared through UTR. This conceptually new and cost-

effective self-limiting growth strategy will largely simplify the preparation of 

ultrasmall nanoalloys. 

2. Results and discussion 

The synthesis of Pd-based bimetallic nanoalloys was carried out through 

co-impregnation route. NC (ca. 50 nm in diameter, nitrided Printex U carbon) 

was prepared through soft nitriding as reported previously (Fig. S2) [20,1–22]. 

For Pd1.7Co, the co-impregnation of Na2PdCl4 and Co(NO3)2 was examined 

batchwise at various Pd-to-Co ratios. There is a remarkable difference in the 

binding/adsorption capability of the two metals on NC (Fig. S1) [23,24]. For 

the Pd-to-Co mole ratio ranging from 0.02 to 0.005, ∼100 times adsorption 

selectivity for Na2PdCl4 is seen compared to Co(NO3)2. The interaction of 

anionic PdCl4
2− with NC is likely due to the enhanced adsorption through 

electrostatic attraction [25,26]. At a Pd-to-Co ratio of 0.01 in solution, the 

adsorbed Pd-to-Co ratio was measured to be 1.7 ± 0.3. In preparation, Co 

contents are identified in the washing solution (Fig. S3), due to the great 

adsorption difference between Pd and Co. 

Pd1.7Co nanoalloys were produced by reduction of Pd and Co 

coimpregnated NC with hydrogen (H2) at 200 °C (Pd1.7Co/NC, see 

Supplementary Material (SM) for details). Scanning transmission electron 

microscopy (STEM, Fig. 1b–c) confirms the uniform size of Pd1.7Co nanoalloys. 

The diameter of Pd1.7Co is 1.3 ± 0.5 nm (Fig. 1c). Aberration-corrected STEM 

images in Fig. 1d-e reveal that most of nanoalloys are amorphous (see Fig. S4 

for more images). Meanwhile, large NPs with a diameter > 2 nm show a core-

shell nanostructure with a crystalline core as revealed in Fig. 1d. The fast 

Fourier transform (FFT) pattern along the [−110] axis (the inset of Fig. 1d) 

confirms that these lattice fringes are assigned to (222), (220) and (004) planes 

of slightly distorted face-centered cubic Pd. The outer shell with a lower 

brightness is assigned to a Co-rich alloyed phase in comparison with the bright 

core due to the difference in electron density. The loading amount of Pd is 

measured to be 1.1 wt% with a Pd-to-Co ratio of 1.7:1 (mol) using inductively 

coupled plasma mass spectrometry (ICP-MS). 

Bimetallic compositions of Pd1.7Co nanoalloys were studied using energy 

dispersive X-ray spectroscopy (EDS) (Fig. 1f). The mapping confirms the co-

existence of Pd and Co. The small particle is randomly alloyed. No core-shell 

structure is observed for sub-2 nm Pd1.7Co nanoparticles as shown in Fig. 1f. 

The larger particle is core-shell, again, with a Pd-rich core and Co-rich shell 

similar to that from high-resolution STEM observations (Fig. 1d). This is also 

seen in the line scan profile of Pd and Co distribution in Fig. 1g. 

The bulk amorphous nature of Pd1.7Co was confirmed by X-ray diffraction 

(XRD). A very broad diffraction peak is seen for Pd1.7Co (Fig. S5). As controls, 

the co-impregnation on unmodified carbon led to the formation of larger NPs 

with mixed phases (Pd, Co and PdCo alloys, see TEM and XRD in Fig. S6). 

This indicates the role of surface nitrogen sites in stabilizing the initial nucleus 

and avoiding the overgrowth of single metal phases [22]. 

To gain insight into the formation mechanism of nanoalloys, temperature-

programmed reduction with hydrogen (H2-TPR) analysis was used to examine 

the reduction temperature of the two metal precursors (Fig. 2a). Na2PdCl4 on 
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NC displayed a reduction peak at ca. 170 °C, consistent with the reported value 

[27]. As for Co(NO3)2, the reduction 

nanoalloys. 

peak was found at ca. 230 °C; while, the co-reduction of Co(NO3)2 with 

Na2PdCl4 resulted in an obvious shift towards a lower temperature of 210 °C. 

Co(NO3)2 solely was not reduced at 200 °C, as revealed by TEM and EDS 

mapping (Figure S7). Co 2p X-ray photoelectron spectroscopy (XPS) in Fig. 2b 

shows the unchanged binding energy as Co(NO3)2 after reduction at 200 °C. 

Whereas, in the absence of Co(NO3)2, ultrasmall Pd NPs (∼1.1 nm Figs. 3e and 

Fig. S8) can be produced. Those results suggest that Pd drives the synergistic 

catalytic co-reduction of Co. Since Pd shows a much lower hydrogen 

dissociation energy [28], the hydrogen spillover effect from Pd to Co likely 

promotes the (co)reduction of Co(NO3)2 to drive the formation of Pd-Co 

nanoalloys below its thermodynamic reduction temperature. 

To confirm the UTR of Co, XPS and carbon monoxide (CO) stripping 

voltammetry are used to reveal the electronic states of Pd and Co in Pd1.7Co 

nanoalloys. First, for Co 2p (Fig. 2b), the Co 2p3/2 and 2p1/2 peaks appear at 

780.8 and 796.4 eV, which agrees with the reported values in PdCo NPs [29,30]. 

For Pd 3d (Fig. 2c), two asymmetric peaks at 335.1 and 340.4 eV are seen for 

Pd 3d5/2 and 3d3/2, respectively. The binding energy is close to that of metallic 

Pd [31]. By comparison, the Pd 3d peaks of pure Pd on NC are observed at 

335.5 and 340.8 eV, showing a 0.4 eV positive shift as compared with Pd1.7Co. 

This indicates that Co displays electron back-donation to Pd. This lowers the 

binding energy of Pd 3d [32], which is indicative of the formation of Pd-Co 

alloys. Second, we used CO stripping voltammetry to examine the change in 

surface properties of Pd. The stripping potential of Pd1.7Co (0.792 V vs. 

saturated calomel electrode (SCE), same hereafter) shows a 172 mV negative 

shift relative to pure Pd (0.964 V) (Fig. 2d). This is indicative of the formation 

of a bimetallic surface that weakens CO adsorption and lowers the oxidation 

potential of CO [33]. 

A series of control experiments were carried out to confirm the UTR of 

Co(NO3)2. Using Pd (∼1.1 nm Fig. 3a) supported on NC as seeds, Co (NO3)2 

was adsorbed in another impregnation process. After reduction at 200 °C, the 

average size of Pd-Co increased slightly to 1.3 nm (Fig. 3b). The CO stripping 

potential of the Pd-Co exhibits a 157 mV negative shift in comparison with that 

of initial Pd NPs (Fig. 3j). This closely agrees with that of Pd1.7Co. The formed 

Pd-Co alloy is driven by the hydrogen spillover effect of Pd seeds to reduce 

Co(NO3)2 [34]. In addition, when repeating the Co impregnation and reduction 

for two more times (Fig. 3g–h), the average sizes of Pd-Co remain as 1.3 nm. 

In the meantime, similar CO stripping potentials (0.811 and 0.791 V) were 

observed for the further impregnation (Fig. 3k–i). Those results suggest that the 

formation of Pd-Co alloys on the initial Pd seeds prevented further reduction of 

Co(NO3)2 thus limiting overgrowth of Pd-Co alloys. The broad XRD peaks of 

these Co-coated Pd NPs in Figure S9 confirm the small size of nanoalloys. This 

self-limiting is possible because the reduction of Co(NO3)2 was carried out 

under its thermodynamic reduction temperature. By comparison, the 

consecutive Pd growth on Pd NPs led to a much broad size distribution while 

retaining similar CO 

 

Fig. 4. (a) STEM image and (b) corresponding EDS mapping image of the sub-2 nm Pd1.6Ni nanoalloys supported on NC. (c) STEM image and (d) corresponding EDS mapping image of 

the sub-2 nm Pd2Zn nanoalloys supported on NC. The insets of (a) and (c) are the particle-size distribution histograms of the Pd1.6Ni and Pd2Zn 
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stripping potentials (Fig. 3j–l for CO stripping and Figure S10 for TEM). 

When reducing above the thermodynamic reduction temperature of 

Co(NO3)2, e.g., 400 °C, larger NPs (∼4.2 nm) were obtained (denoted as 

Pd1.7Co-T/NC, same hereafter) as shown in Figure S11. The phase separated Pd 

and Co phases were seen from XRD (Figure S12a) and EDS elementary 

mappings (Fig. S13). By comparison, when annealing Pd1.7Co/NC under 

nitrogen at 400 °C even for 12 h, no phase separation peaks of Pd or Co were 

observed from XRD (Fig. S12b). This result further reveals the key importance 

of UTR in avoiding heterogeneous nucleation of Co. 

The self-limiting growth is applicable to other systems, e.g., Pd1.6Ni and 

Pd2Zn. As-synthesized Pd1.6Ni and Pd2Zn are homogeneously dispersed on 

NC (defined as Pd1.6Ni/NC and Pd2Zn/NC). The average particle sizes for 

Pd1.6Ni and Pd2Zn are 1.2 ± 0.3 nm and 1.6 ± 0.5 nm, respectively as 

displayed in Fig. 4. The alloy nature of Pd1.6Ni and Pd2Zn is confirmed by CO 

stripping voltammetry (Figures S14-S15), where a negative shift of 132 mV 

and 114 mV in the stripping potential was observed, respectively, in 

comparison with Pd. 

Electrocatalytic methanol oxidation reaction (MOR) was first used to 

evaluate catalytic properties of these nanoalloys. The typical cyclic 

voltammograms (CVs) are given in Fig. 5. First of all, nanoalloys show a lower 

oxidation peak potential and higher peak current density in comparison with 

those of pure Pd. Pd1.7Co/NC shows a peak current density of 2.8 ± 0.2 mA 

cm−2 at −0.12 V, while the peak current densities of pure Pd/NC and Pd1.7Co-

T/NC are measured to be 0.7 ±0.1 mA cm−2 and 1.5 ± 0.1 mA cm−2 at −0.10 V. 

Fig. 5. (a) MOR CV curves measured in 0.1 M KOH 

with 1 M methanol and (b) specific activities of 

Pd1.7Co/NC, Pd1.6Ni/NC, Pd2Zn/NC, Pd1.7Co-T/NC 

and Pd/NC. The values in (b) were averaged from 

three independent measurements. (c) 

Chronoamperometry curves of Pd1.7Co/NC and 

Pd/NC at -0.1 V (SCE) in 0.1 M KOH with 1 M 

methanol. (b) Current density loss percent over 

Pd1.7Co/NC and Pd/NC as a function of time as 

derived from (c). 

Fig. 6. (a) Cinnamaldehyde (CMA) conversion and (b) 

hydrocinnamaldehyde (HCMA) selectivity as a 

function of time over the 1.3 ±0.5 nm Pd1.7Co 

nanoalloys on NC 

(Pd1.7Co-1.3/NC), 1.5 ± 0.5 nm on NC (Pd1.7Co-

1.5/NC) and 2.3± 0.7 nm Pd1.7Co on NC (Pd1.7Co-

2.3/NC), Pd-Co nanpparticles on NC obtained by 

thermodynamic growth (Pd1.7Co-T/NC), and 

commercial Pd/C catalysts. (c) The specific rates of 

the prepared 

Pd1.7Co-1.3/NC, Pd1.7Co-1.5/NC, Pd1.7Co-2.3/ NC, 

Pd1.7Co-T/NC and commercial Pd/C catalysts. (d) 

Recycle experiment of the 1.3 ± 0.5 nm Pd1.7Co 

nanoalloys. The selective hydrogenation of 

cinnamaldehyde kinetics testing was carried out at 

50 °C and 50 psi (pounds per square inch) under 

varied reaction times. The catalytic stability 

measurements are conducted at 50 °C and 50 psi for 

5 h. 
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The peak current density normalized to electrochemical active surface area 

(ECSA, Figure S16), or specific activity, is a reflection of intrinsic activity for 

electrocatalysts [35,36]. The specific activity of Pd1.7Co/NC is approximately 4 

times better than pure Pd and 2 times better than Pd1.7Co-T/NC. The increase in 

intrinsic activity is attributed to the formation of alloys that varied the surface 

electronic state of Pd [37,37–39]. Similarly, mass activities of nanoalloys are 

higher than that of pure Pd (Fig. S17). The current intensity ratio of Jf (in the 

forward scan) to Jb (in the backward scan) is related to surface poisoning, that 

is the accumulation of carbonaceous residues during the forward cycle of the 

cyclic voltammetry. A higher Jf/Jb indicates smaller accumulation on a more 

active electrochemical surface. As plotted in Figure S18, the Jf/Jb values of 

Pd1.7Co/NC is 3.57, far better than that of Pd/NC (1.62), indicating more active 

electrochemical surface and better anti-poisoning ability of Pd1.7Co/NC. The 

catalytic stability is of great importance for fuel cell applications [40]. We 

carried out electrocatalytic stability tests of Pd1.7Co/NC and Pd/NC using 

chronoamperometry (i-t curves). As shown in Fig. 5c–d, the Pd1.7Co/NC 

displays much better electrocatalytic stability than Pd/NC at -0.1 V. The current 

density of the Pd1.7Co/NC retains about 40% after 1800s testing, which is quite 

similar to previous reports [41,1–45]. By contrast, the Pd/NC displays a sharp 

drop of current density close to 0 mA/cm2 within 1500s. 

The ultrasmall size, monodispersity and clean surface also impart these sub-

2 nm Pd-based nanoalloys with great potentials for heterogeneous catalysis 

applications. We further take the 1.3 ± 0.5 nm Pd1.7Co/NC as an example for 

selective hydrogenation of cinnamaldehyde (CMA) evaluations. 1.5 ± 0.5 nm 

Pd1.7Co/NC and 2.3 ±0.7 nm Pd1.7Co/NC nanoparticles were prepared as control 

catalysts (see SM for details, Figure S19). As shown in Fig. 6a and b, the 

Pd1.7Co/NC nanoparticles demonstrated excellent catalytic activity and 

selectivity in the testing time range. The catalytic activity of 1.3 ± 0.5 nm 

Pd1.7Co/NC is much higher than that of 1.5 ±0.5 nm and 2.3 ± 0.7 nm 

Pd1.7Co/NC nanoparticles coupled with excellent hydrocinnamaldehyde 

(HCMA) selectivity (around 90%). As displayed in Fig. 6c, the specific rates of 

the 1.3 ± 0.5 nm, 1.5 ±0.5 nm and 2.3 ±0.7 nm Pd1.7Co/NC nanoparticles are 

calculated to be 0.5 molCMA min−1 gPd−1, 0.34 molCMA min−1 gPd−1, 0.24 molCMA 

min−1 gPd−1, respectively, showing a strong size-dependent behavior which is in 

line with reported findings [13]. Besides, the specific rate of the 1.3 ±0.5 nm 

Pd1.7Co/NC nanoparticles (0.5 molCMA min−1 gPd
−1) is more than three times and 

two times that of the 5% commercial Pd/C (0.15 molCMA min−1 gPd−1) and 

Pd1.7Co-T/NC (0.21 molCMA min−1 gPd−1), respectively, benefiting from 

bimetallic synergies [46,47]. Hydrocinnamaldehyde (HCMA) selectivity over 

the 1.3 ± 0.5 nm Pd1.7Co/NC nanoparticles (89 ±1%) is also found much higher 

than that of the 5% commercial Pd/C catalyst (71 ±2%). Catalytic stability test 

was conducted by recycling the postreaction 1.3 ±0.5 nm Pd1.7Co/NC 

nanoparticles and 5% commercial Pd/C catalysts. As displayed in Figure S20, 

the hydrocinnamaldehyde selectivity over the 5% commercial Pd/ C catalysts 

drops from 72% to 63% in the second run and become stable around 64% in the 

following three runs. By contrast, our 1.3 ± 0.5 nm Pd1.7Co/NC catalysts show 

excellent catalytic stability. As shown in Fig. 6d, after five cycles, the 

cinnamaldehyde conversion (95%) and hydrocinnamaldehyde selectivity (89%) 

over the 1.3 ±0.5 nm Pd1.7Co/NC nanoparticles maintained well, demonstrating 

excellent catalytic stability of it. These results showed great potentials of our 

ligand-free and ultrasmall Pd1.7Co/NC nanoparticles for practical applications. 

3. Conclusion 

To summarize, we report a self-limiting technique to prepare ultrasmall Pd-

containing nanoalloys. The method is specifically useful to alloy base metals 

to noble metals such as Pd showing strong hydrogen spillover. The 

(co)reduction of the second base metal precursor (M = Co, Ni, and Zn) even 

under the thermodynamic reduction temperature of base metals was 

demonstrated, for the first time. The formation of bimetallic surfaces could 

turn down the further reduction of base metals that self-limits the overgrowth 

of bimetallic nanocatalysts. The surface alloys of Pd and other base metals 

changed the surface electronic state of Pd that improved the MOR catalytic 

activity and decreased the accumulation of carbonaceous residues. The high 

surfaceto-volume ratio of ultrasmall Pd1.7Co nanoalloys also endows them 

with great reactivity for selective hydrogenation of cinnamaldehyde. Our 

synthetic protocol is expected to provide a new guideline for preparation of 

highly efficient ultrasmall nanoalloys toward a variety of catalytic 

applications. 
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