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ABSTRACT: A common expectation in heterogeneous catalysis is that the optimal activity will occur for the particle size with 
the highest concentration of under-coordinated step, edge or corner sites, expectedly in the < 5 nm range. However, many 
metal-catalyzed reactions follow a different trend, where the turnover frequency (TOF, here rate per surface atom) is instead 
lower for these smaller particles and increases strongly with increasing size towards a stabilized level with a size-independent 
TOF. Here we use one of these reactions, the Rh-catalyzed CO hydrogenation to hydrocarbons and C2-oxygenates, to illuminate 
the origin of this effect. Studying Rh/SiO2 catalysts we show that smaller (< 4 nm) Rh particles are richer in under-coordinated 
edge, corner and step sites, but are nevertheless of lower activity because the entire surface, including the planar facets, is 
shifted to a prohibitively high adsorbate coverage – in this case of CO. In transient experiments, where the inhibiting 
adsorbates are allowed to desorb, smaller 1.7 nm Rh particles and larger 3.7 nm Rh particles reach similar rates of CO 
activation despite the steady state TOF being an order of magnitude higher on the larger particles. This shows that it is a 
prohibitive adsorbate coverage at reaction conditions rather than a lower number of active sites or a lower intrinsic activity 
of the sites that causes the lower activity of the smaller particles. In steady state experiments at 20 bar the TOF for CO 
hydrogenation increases by 55 % from 3.7 nm Rh particles to 5.3 nm Rh particles even though the measured concentration 
of step sites decreases by 30 % in this size range. This indicates that such under-coordinated sites are not necessarily the 
primary active centers and that the reaction is instead focused on the planar facets. The reaction kinetics show that the 
reaction becomes increasingly pressure dependent with increasing particle size implying that the surface becomes 
increasingly free of adsorbates on larger particles. Taken together with the indications that the reaction may be focused on 
the planar facets this leads to the new insight that it is a prohibitively high adsorbate coverage on the entire surface (and not 
just on a minority of under-coordinated sites) that is the primary reason for the low activity of small nanoparticles. The 
identification of a detrimentally high coverage state for small particles is expected to be of general relevance to the many 
industrially important reactions sharing the same behavior. The high coverage state is not exclusively negative, but can also 
facilitate different reaction pathways. It is the higher CO coverage on small particles that drives the C2-oxygenate formation 
and is the reason for the high selectivity of rhodium to such complex products, which is at its highest for the smallest (~2 nm) 
investigated particles.  

1. INTRODUCTION  
Heterogeneous catalysis is estimated to be involved in 90% 
of chemical processes1, and heterogeneous catalysts 
commonly rely on nanoparticles of transition metals as the 

primary active phase2. This applies for important reactions 
such as the syntheses of ammonia, methanol and 
hydrocarbons (methanation and Fischer Tropsch 
synthesis) – all reactions that may become critical for the 
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Figure 1. Two types of structure sensitivity. (a) The TOF for alkane hydrogenolysis over supported Ni3–6, Pt7, Ru8, Fe9 and Rh10 
catalysts as a function of particle size. Dashed line given as a guide to the eye. (b) TOF as a function of particle size for a range of 
reactions with an unexpectedly low activity for small 2-4 nm particles. Different colors correspond to different metals/reactions, 
while different symbols denote different studies of the same metal/reaction. To facilitate comparison all reported TOF values are 
normalized. For the studies in (b), where the asymptotic level is established, this level is assigned as 100%. In all other cases the 
most active sample in each study is assigned as 100%. The reactions included in (b) are the Pt-catalyzed oxygen reduction reaction 
(ORR)11–13 and thermally driven NO oxidation14–16, Ni-catalyzed methanation of CO217–19 or CO20,21, Ru-catalyzed22–24 and Fe-
catalyzed25 ammonia synthesis, Cu-catalyzed methanol synthesis with Cu/ZnO/Al2O326–29 or Cu/SiO230–32, Fischer-Tropsch reactions 
catalyzed by Co33,34, Fe35 or Ru36–39, and the Rh-catalyzed HAS40–42. 

storage of renewable energy in the form of chemicals. This 
also applies for important emission control catalysts such 
as the noble metal systems used to remove pollutants in the 
exhaust from diesel and gasoline vehicles. Understanding 
how the size and structure of the metal nanoparticles are 
related to the catalytic properties is critical to the 
enhancement of existing catalysts and to the development 
of new catalysts and processes.  
     Since the discovery43,44 that certain catalytic dissociation 
reactions can be dominated by under-coordinated step sites 
on a metal surface, it has been a common expectation that 
the optimal turnover frequency (TOF, here rate per total 
number of metal surface atoms) will occur for the particle 
size with the maximal concentration of such under-
coordinated sites. Nanocrystals have three major types of 
under-coordinated surface sites: edges, corners and steps. 
The catalytic involvement of steps may include both 
adsorbates atop of the step or on the B5 sites45 at the foot of 
the step. Edges and corners are more prevalent in smaller, 
more curved particles, and their relative abundance 
declines continuously with increasing particle size45,46 
(Figure S1). The concentration of step sites follows the 
concentration of edges except for the smallest particles 
(< 2-3 nm) that have few or no step sites. This conclusion is 
based on experimental quantifications45,47,48 of the step 
sites, which show that their surface concentration passes 
through a strong optimum in the 2-4 nm range and then 
declines with increasing size. Such a size dependence is also 
in agreement with geometries predicted by the Wulff 
construction49,50. For alkane hydrogenolysis (i.e. C-C bond 
breaking hydrogenation) there is strong evidence51,52 that 
the reaction relies on these under-coordinated step sites, 
and Figure 1a shows that the TOF for hydrogenolysis 
reactions exhibits the expected optimum for 2-4 nm 

particles. For such reactions, the catalytic activity has 
already dropped substantially at 5 nm. However, many 
metal-catalyzed reactions are known53,54 to share a different 
structure sensitivity as illustrated in Figure 1b. These 
include the electrochemical oxygen reduction reaction 
(ORR)11–13, Rh-catalyzed higher alcohol synthesis (HAS)40–42 
and major industrial reactions such as the syntheses of 
hydrocarbons17,18,38,39,19–21,33–37, ammonia22–25, and 
methanol26–32. Here, the TOF is instead low for the smaller 
2-4 nm particles that should be rich in the various under-
coordinated sites, and the TOF then rises sharply with 
increasing size before asymptotically approaching a size-
independent behavior for larger particle sizes (where the 
reaction rate thus scales linearly with the total metal 
surface area17,55–58). These reactions thus have both a region 
of strong size dependence for smaller particles and a region 
of size insensitivity for larger particles, and the maximal 
TOF is not observed until sizes are above ca. 5 nm. Step sites 
are often proposed49,59 as catalytically active centers for 
many of the reactions in Figure 1b. However, both the 
catalytic activity of reactions relatively well-known to be 
reliant on step sites (Figure 1a) and evaluations45,48,50 of the 
step concentration follow the opposite trend, with a 
maximal surface concentration of step sites for the 2-4 nm 
particles that are of very low activity for the reactions in 
Figure 1b. The size-dependence in Figure 1b is thus 
unexpected, if step sites were to be catalytically relevant for 
these reactions.  
     The incomplete current understanding of this behavior is 
illustrated by the Ru-catalyzed ammonia synthesis. Here the 
state of the art theoretical descriptions49,50,60,61 unanimously 
predict that the concentration of the expectedly more active 
step sites and thereby the apparent TOF should peak in the 
2-4 nm range before declining with increasing size. 



3 

However, experimental observations22–24 consistently show 
the opposite tendency (Figure 1b) and generally observe 
the lowest activity in the 2-4 nm range. The same 
contradiction occurs for Rh-catalyzed CO hydrogenation, 
where experimental observations also follow the structure 
sensitivity in Figure 1b even though the theoretical 
proposal59,62,63 is that step sites should be more active.     
     It would explain the stagnant TOF for larger particle 
sizes, if the reactions in Figure 1b instead occur on the more 
highly coordinated planar facets, and it has been 
proposed33,64,65 that a prohibitively high coverage at the 
under-coordinated sites might explain their non-
participation, which causes the planar facets to dominate 
the reaction. However, such a reliance on the planar facets 
cannot alone explain the structure sensitivity in Figure 1b, 
since the relative changes are very different. The TOF-
values in Figure 1b can increase by orders of magnitude 
from 2 to 5 nm, whereas the fraction of surface atoms on the 
planar facets according to geometry (Figure S1) increases 
by less than 25% in this size range. Hence, it is not only the 
number of sites on the planar facets that impacts the TOF in 
the 2-5 nm range, but potentially also other imperfectly 
understood phenomena.  
     Here, we have selected one of the reactions exhibiting 
this imperfectly understood structure sensitivity, namely 
the Rh-catalyzed CO hydrogenation, and we show that it can 
be used to illuminate the underlying reasons. Rh-catalyzed 
CO hydrogenation produces mainly two product groups: 
hydrocarbons (dominantly CH4) and C2-oxygenates 
(dominantly acetaldehyde on Rh/SiO2, but also ethanol and 
ethyl or acetate esters). The reaction could therefore be of 
potential value for converting sustainably derived syngas 
into C2-oxygenates for the use as platform chemicals or 
energy carriers. By impregnation methods we have 
synthesized a library of well-defined Rh/SiO2 samples with 
different Rh particle sizes and we combine catalytic reactor 
tests with size/dispersion analyses from electron 
microscopy and evaluations of the site distribution from IR 
and chemisorption analyses.  
 
2. EXPERIMENTAL SECTION 
2.1. Catalyst preparation. Aiming for a wide size range of 
Rh nanoparticles (NP) Rh/SiO2 catalysts were prepared by 
wet impregnation (WI) and colloidal synthesis. Details on 
unsuccessful attempts to prepare larger Rh particles via 
thermal sintering are shown in the supporting information 
(section 2.4). 
2.1.2. Wet impregnation. In a typical WI catalyst 
preparation the desired amount of Rh(NO3)3 (Sigma Aldrich, 
ca. 36 wt% Rh) was dissolved in demineralized water, 
impregnated on pre-calcined (1 h in flowing air at 400 °C, 
rate: 10 C/min) and sieve-fractioned (150 – 300 μm) SiO2 
support material (Saint Gobain SS61138, 252 m2/g). 
Nominal rhodium weight loadings were between 0.5 wt% 
and 50 wt%. For a metal loading of 20 wt%, a lower surface 
area silica was used (Saint Gobain SS61137, 162 m2/g). 
After impregnation, residual water was removed under 
reduced pressure in a rotary evaporator. The dried sample 
was calcined in flowing air at 400 °C (ramp rate: 5 °C/min, 
60 min isothermal period). Before any catalytic reaction 
tests, the catalysts were reduced in hydrogen at 400 °C for 

120 min (ramp rate: 5 °C/min). A 3% Rh/TiO2 catalyst 
sample was prepared in the same way using TiO2 from Saint 
Gobain (ST61120, 150 m2/g). 
2.1.3. Colloidal synthesis of Rh NPs. Rh NPs were 
synthesized following a modified polyol method route 
reported by Hoefelmeyer et al.66. Particle size control was 
obtained using different polyols; i.e. ethylene glycol yielding 
ca. 5 nm Rh crystals, or diethylene glycol yielding ca. 8 to 
9 nm Rh crystals. 55 mg (0.48 mmol) of polyvinyl 
pyrrolidone (PVP) (Sigma Aldrich, ca. 1.3 MDa) was 
dissolved under stirring and sonication in 10 mL polyol 
solvent in a three-neck round bottom flask which was 
afterwards placed in a heating mantle and connected to a 
bump trap. The solution was heated to 190 °C while the 
temperature was monitored via a temperature sensor that 
was inserted into the flask. 10.0 mg (0.048 mmol) RhCl3 
(Sigma Aldrich, ca. 38 wt% Rh) was dissolved in 1 mL 
deionized water in a separate glass vial and then added 
dropwise over 1 min to the preheated, transparent 
PVP/polyol reaction solution. Evaporation of the added 
water led to a transient decrease in reaction temperature 
(by 40 – 50 °C) and the initial temperature was re-obtained 
after 3 – 5 min. After 60 min, the solution was cooled to 
150 °C, and the flask subsequently quenched in a water 
bath. When using ethylene glycol as polyol, excess capping 
agents were washed off by adding three times the amount 
of acetone and centrifuging the solution for 15 min at 
8000 rpm (repeated three times). When using diethylene 
glycol, 5 mL of hexanes and 1 mL of isopropyl alcohol were 
added to 15 mL of acetone. Afterwards, the washed 
particles were dispersed in deionized water under 
sonication. The concentration of Rh crystals in solution was 
estimated through thermogravimetric analysis. A total of 
three catalyst samples were prepared, Table 1 provides an 
overview. Hereby, synthesis runs 2 and 3 followed the same 
preparation recipe; evincing, within uncertainty, a good 
reproducibility of the particle diameter size. 
Table 1: Overview of Rh/SiO2 catalysts that were 
prepared utilizing colloidal synthesis. Particle size was 
controlled by employing different polyol solvents. 

Synthesis run Catalyst sample Polyol solvent 

1 Rh/SiO2-5nm Ethylene glycol  
2 Rh/SiO2-8nm Diethylene glycol 
3 Rh/SiO2-9nm Diethylene glycol 

2.1.4. Rh NP deposition and capping agent removal. Pre-
calcined (1 h in air at 400 °C, rate: 10 °C/min) and sieve-
fractioned (150 – 300 μm) silica support material (Saint 
Gobain SS61138, 252 m2/g) was dispersed in H2O/MeOH 
(V/V = 1) under sonication for 20 min (20 mL of H2O/MeOH 
for 200 mg of SiO2). Afterwards, the desired volume of Rh 
nanocrystal solution for a targeted nominal Rh weight 
loading of 1 wt% was added dropwise under vigorous 
stirring that was maintained for 60 min. A brownish-
colored suspension was obtained and water was removed 
under reduced pressure in a rotary evaporator; yielding a 
grey-colored powder. Weight loadings were determined 
using an X-ray fluorescence (XRF) spectrometer 
(PANalaytical Epsilon 3 XL) and Rh/SiO2 catalysts samples 
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with weight loadings between 0.5 and 5.5 wt%, prepared by 
WI, as reference. It was attempted to remove PVP capping 
agents remaining after the washing step by rapid heat 
treatment67, where the dry samples were inserted into a 
muffle furnace preheated to 600 °C for 30 s in air. Besides 
TEM analysis, the particle size was estimated from powder 
X-ray diffraction (XRD), and the success for the capping 
agent removal was assessed by attenuated total reflection 
infrared (ATR-IR) spectroscopy and X-ray photoelectron 
spectroscopy (XPS). Results and details about the 
instrumentation and methods used are provided in the 
supplementary information. 
2.2. Catalyst testing and characterization 
measurements. 2.2.1. Transmission electron microscopy 
(TEM) analysis. Solid catalyst materials were examined by 
transmission electron microscopy (TEM), using a FEI 
Tecnai T20 G2 TEM, operated at 200 kV. Materials were dry-
dispersed or dispersed in ethanol and then drop-cast onto a 
lacey carbon coated Cu grid (Agar Scientific). Dispersed Rh 
NPs prepared by colloidal synthesis were drop-cast onto 
ultrathin carbon films supported on Cu (Electron 
Microscopy Science). In situ high resolution HRTEM 
imaging for 3% Rh/TiO2 was conducted at 400 °C in H2 
atmosphere (900 mbar maximum pressure, 0.9 mL/min), 
using a Climate (DENSsolutions) closed gas-cell holder. The 
cell was inserted into an aberration corrected 
environmental transmission electron microscope (ETEM) 
(FEI Titan 80-300 E-cell) operated at 300 kV68. 
    At least 100 particles per sample were used for statistical 
analysis of the particle diameter and calculation of the metal 
dispersion. Particle sizes shown in Figures 2-4 represent 
number-weighted mean values, metal dispersion and metal 
surface area values used for the calculation of turn-over 
frequency (TOF) values were calculated from volume-
weighted mean values for ideal, spherical particle shapes 
and assuming equal contributions from (111), (100), and 
(110) crystal planes (Eq. S3-S4). 
2.2.2. Catalytic reaction testing and GC product analysis. 
Catalytic performance was evaluated using a high-pressure 
set-up with product analysis by gas chromatography (GC) 
described elsewhere69. In brief, a quartz tube (i.d.: 8 mm, 
o.d.: 10 mm) held the catalyst (bed length ca. 2 to 6 cm) 
which was fixed between quartz wool. The void volume 
before and after the catalytic bed was filled by quartz glass 
rods to limit the dead volume. The quartz tube was placed 
inside a TP347 stainless steel pressure shell which always 
had nitrogen pressure identical to the one within the quartz 
tube (dosed via Brooks 5866 mass flow pressure 
controllers) to avoid pressure gradients across the quartz 
tube. The ensemble of reactor tube and pressure shell was 
placed inside an Entech tube oven with the catalyst within 
the isothermal zone of the oven. The feed gases, N2 (Air 
Liquide), H2 (Air Liquide, N5.0 purity), and CO (Air Liquide, 
N3.7 purity), were supplied from pressurized gas cylinders 
via Brooks 5850S mass flow controllers and mixed before 
entering the reactor tube (V/V (CO/H2) = 1/2). All post-
reactor gas lines were heat traced to 135 °C. Downstream of 
the set-up, the pressure was relieved via a pneumatically 
operated pressure reduction valve (Baumann 5115S) and 
the gas flow directed to a GC (6890N, Agilent Technologies) 
equipped with a flame ionization and a thermal 
conductivity detectors and employing He as carrier gas. 

Calibration details and detected compounds are listed in the 
supporting information. The selectivity is reported on a mol 
carbon basis among the identified products. Although the 
productivity is low for the samples with the smallest Rh 
particle sizes, the GC signals are even for these low 
productivities several times larger than the noise level. The 
productivity and the resulting TOF values are therefor 
expected to be reliable also for the smallest Rh particles 
with the lowest activity. This is substantiated by a good 
agreement between the present TOF values and the values 
obtained under similar reaction conditions and Rh particle 
sizes elsewhere59,70. 
2.2.3. Diffuse reflectance infrared Fourier-Transform 
spectroscopy (DRIFTS) experiments. DRIFTS experiments 
were used to monitor the desorption/conversion of 
adsorbed CO and for titration of B5 sites by N2 adsorption. 
This was done on a DRIFTS set-up described71 in more 
detail previously. CO experiments were carried out in a 
Praying Mantis diffuse reflection optics unit and high 
pressure cell (Harrick Scientific Products), whereas a 
Praying Mantis CHC-CHA-3 low temperature reaction 
chamber (Harrick Scientific Products) was used for N2 
adsorption experiments. Spectra were collected with a 
Nicolet iS50 FTIR spectrometer with a liquid-N2 cooled MCT 
detector and averaged over 64 measurements with 4 cm-1 
resolution. Effluent gases were monitored by on-line MS; 
using a Hiden Analytical HPR-20 EGA mass spectrometer 
(MS).  
     In a typical CO-DRIFTS experiment (Figure 3b-d), pre-
reduced samples were reduced in situ (2 h in H2 at 400 °C, 
rate: 5 °C/min) and background spectra were recorded 
after subsequent cooling to 250 °C in H2 and 1 atm. 
Afterwards, the gas atmosphere was switched to He for 
3 min and CO was introduced over 3 min and kept for 10 
min at atmospheric pressure. While retaining a constant 
temperature the pressure was then increased to 17 bar by 
closing a needle valve positioned downstream from the 
reaction chamber. After keeping the sample at 17 bar CO for 
ca. 10 min, the CO atmosphere was displaced by He over 
5 min and residual CO was purged over a period of 1.5 to 
2.5 h while retaining elevated temperature and pressure 
conditions until IR absorption bands from gaseous CO were 
absent. Afterwards, the He flow was displaced by hydrogen 
over 3 min and the sample was kept in H2 for ca. 90 min or 
until no further changes to the absorption bands ascribed to 
Rh-CO species were observed. Changing atmospheres from 
He to H2 caused a drop in pressure down to 11.5 bar, which 
was used for the hydrogenation. 
     For the titration of step sites through N2 adsorption 
(Figure 4b), pre-reduced catalyst samples were reduced in 
situ (2 h in H2 at 290 °C, rate: 5 °C/min). Afterwards, 
hydrogen was displaced by He for 30 min before the sample 
was cooled to 25 °C. Background spectra were acquired 
under these conditions (1 atm). Subsequently, the gas 
atmosphere was switched to N2 and spectra were recorded 
continuously. 
2.2.4. H2-temperature programmed desorption (TPD) 
characterization. H2-TPD measurements were carried out 
on a Quantachrome Autosorb iQ2 chemisorption station 
connected to a Hiden Analytical QGA MS. Pre-reduced 
samples were ramped in H2 to 400 °C (rate: 5 °C/min), kept 
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at this temperature for 120 min and afterwards cooled 
down to 30 °C, evacuated for 30 min to remove physisorbed 
H2, and subsequently kept under He flow at 30 °C for 60 min. 
Afterwards, the sample was heated to 700 °C with 5 °C/min 
and the amount of chemisorbed H was determined from 
integration of the H2 desorption. A 10.7 vol.% H2/He gas 
mixture was used to calibrate the MS signal for H2. 
 
3. RESULTS AND DISCUSSION 
Figure 2 shows the total rate of CO conversion per metal 
surface atom, denoted TOFtotal, and the selectivity to C2-
oxygenates as functions of the Rh particle diameter. The 
data confirm that the CO hydrogenation follows the general 
structure sensitivity seen in Figure 1b. Interestingly, the 
selectivity to oxygenates shows the opposite trend and 
roughly follows the fraction of under-coordinated 
edge/corner atoms. Attempts to produce larger particles by 
thermal sintering (see Figures S19 – S20 and Table S7) were 
not successful. Larger particles (5, 8, and 9 nm) were 
prepared from colloidal synthesis, but particles from 
colloidal synthesis exhibited a lower activity and a more 
rapid deactivation than particles of identical size prepared 
by impregnation (see supporting information section S2.3). 
This is attributed to the challenging removal67,72–74 of 
residual capping agents remaining on the metal surface 
after colloidal synthesis. Consequently, we have focused on 
the data set for impregnation-derived particles in Figure 2. 
     The strong variations in activity and selectivity seen in 
Figure 2 are associated with a strong particle size 
dependence in the reaction kinetics. This is illustrated in 
Figure 3a that shows the TOF as a function of the total 
reactant pressure. For smaller particles (dp < 3 nm) the TOF 
is essentially independent of reaction pressure, whereas the 
reaction rate on the larger particles becomes increasingly 
pressure-dependent with increasing size. This size 
dependence in the kinetics does not appear to have been 
identified previously for the reactions in Figure 1b, and 
potentially suggests a near-complete adsorbate coverage on 
the smaller particles and a gradually decreasing coverage 
with increasing size. Here, CO is expected to be the 
dominant adsorbate, as small (ca. 2 nm) Rh particles reach 
saturation coverages below 200 Pa and preserve high CO 
coverages to temperatures above the present reaction 
temperature65,75. The reaction is also known42,76 to have a 
near-zero or negative reaction order in CO, which is 
consistent with CO being the inhibiting adsorbate.  
     To elucidate the size-dependent variations in coverage 
that are evident from the reaction kinetics, an Rh/SiO2 
catalyst having Rh particles in the size range associated 
with pressure-independent activity (1.7 nm) was compared 
to a catalyst with particles in the size range of pressure-
dependent behavior (3.7 nm). In a DRIFTS cell the Rh/SiO2 
catalysts were exposed to CO at 250 °C and 17 bar. The cell 
was then flushed with He, and the sample was subjected to 
a H2 flow at 250 °C and 11.5 bar. Figure 3b shows IR spectra 
that were recorded during the treatment in H2. The smaller 
particles exhibit an IR band for linearly bound CO 
(2044 cm-1) and a band at 1799 cm-1 ascribed to CO in 3-fold 
hollow sites on Rh(111)77. Larger particles show an 
additional mode at 1927 cm-1, which is most likely bridge 

bound CO on Rh(100) facets78. No Rh(CO)2 species were 
observed in these experiments. 
     Figures 3c and 3d show the MS signals for CH4 and CO 
during the switch from He to H2 and the subsequent period 
in H2. Figure 3c clearly shows that for the smaller particle 
size, the surface holds a prohibitively high coverage, and a 
considerable fraction of the surface CO has to desorb before 
any CO activation can occur (evidenced by methane 
formation). By contrast, Figure 3d shows that the larger 
particle size does not hold a prohibitively high coverage and 
exhibits methane formation immediately upon introduction 
of hydrogen. A comparison of Figures 3c and 3d reveals that 
the methane formation level is similar for the two samples, 
once the inhibiting CO has desorbed from the smaller 
particles. The amount of Rh surface atoms present in the cell 
is smaller for the 1.7 nm sample (2 µmol) than for the 
3.7 nm sample (17 µmol), so it seems that the surface of 
smaller particles is at least as active as the surface of larger 
particles, once the inhibiting adsorbates have been 
displaced. Hence, the lower steady state activity of the small 
particles can be attributed fully to the prohibitively high 
coverage on these particles under reaction conditions 
rather than to a lower number or to an inferior activity of 
the sites. Figure 3b shows that after 60 minutes the IR bands 
from adsorbed CO on the 1.7 nm sample were relatively 
stable indicating that a significant fraction of the adsorbed 
CO is so strongly bound that it cannot be easily displaced or 
react at 250 °C. The behavior of the 3.7 nm sample is 
radically different, as essentially all CO can be readily 
removed from the larger particles. Such size-dependent 
differences in bond strength are not likely to be limited to 
just rhodium. In good agreement with the present 
observations Carballo et al.36 found in transient isotope 
labeling experiments that CO was displaced more slowly 
from smaller ruthenium particles than from larger ones.  
     From the understanding of a prohibitively high CO 
coverage on smaller particles gradually declining with 
increasing particle size, it is possible to rationalize the 
catalytic properties in Figure 2. The mechanism79–83 of CO 
hydrogenation on Rh can be represented by three key steps: 
a CO dissociation event followed by either a C + CO coupling 
to generate C2-oxygenates or a hydrogenation to form 
hydrocarbons. As the TOF for both hydrocarbon and C2-
oxygenate production increases concurrently with 
increasing particle size (see Figure S7), the rate limiting 
reaction step must be the shared CO dissociation, as also 
suggested by theoretical studies59,63,84,85. For the small 
particles with a high CO coverage the rate limiting CO 
dissociation is inhibited by a low accessibility of free sites, 
and the TOF is low. However, when a CO dissociation event 
does occur, the high CO coverage drives the oxygenate 
formation by C + CO coupling reactions, and the formation 
of oxygenates is favored. For larger particles the CO 
coverage is lower, and more free sites are available for CO 
dissociation. While this leads to a higher TOF, the selectivity 
towards oxygenate formation is decreased, since the lower 
CO coverage makes the C + CO reaction less likely. This 
creates the situation where small particles have a low 
activity, but high oxygenate selectivity, whereas the 
opposite goes for larger particles. For all particle sizes the 
oxygenate selectivity increases with pressure, but the effect 
is far greater for the larger particle sizes with a lower CO 
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Figure 2. Structure sensitivity of Rh-catalyzed CO hydrogenation. (a) Turnover frequency for CO conversion (TOFtotal) and (b) 
selectivity towards C2-oxygenates in the CO/H2 reaction over Rh/SiO2 catalysts as functions of Rh particle size. Reaction conditions: 
250 °C, 20 bar of CO/H2 (V/V = 1/2), flow rate = 40 NmL min-1 (4000 NmL min-1 gRh-1). Dashed line in (a) is shown as a guide to the 
eye. The blue line in (b) shows the fraction of edge and corner sites as a function of particle size, calculated for a cubo-octahedral 
geometry (see Figure S1).  

coverage (see Figure S8). This can explain an apparent 
contradiction in the literature, as some studies76,86 have 
concluded high pressure to be essential for oxygenate 
formation, whereas other studies87,88 have achieved high 
oxygenate yields at sub-atmospheric reactant pressures. 
Such differences will emerge from differences in Rh particle 
size. 
     To link the catalytic properties to the site distribution, 
the concentration of edge and corner sites was probed by 
hydrogen chemisorption, and the concentration of B5 sites 
was probed by N2 chemisorption. On the planar Rh facets 
the expected89 H/Rhsurface uptake of 1/1 is in good 
agreement with measurements on Rh(111)90 and low 
surface area Rh black91. However, small metal particles take 
up large quantities of hydrogen, and it is relatively well-
established that this uptake occurs on the metal92. Since 
negligible hydrogen is dissolved in bulk Rh at atmospheric 
pressure93, the additional hydrogen must be on the surface 
or immediate subsurface and arises especially from a higher 
uptake at the under-coordinated edge and corner sites94–96. 
Hence, the extent to which the H/Rhsurface ratio exceeds unity 
can be used as a measure of the concentration of under-
coordinated surface sites such as edges and corners.  
     Figure 4a shows that the H/Rhsurface ratio is significantly 
above one for small particles and declines with size 
following the anticipated concentration of edges and 
corners, approaching the unity ratio expected on flat 
surfaces for the largest particle size. The hydrogen uptake 
thus supports the geometric expectation of a greater 
fraction of edges and corners on smaller particles (Figure 
S1). However, even with the highest coordination of 
hydrogen ever observed96 experimentally (8 H per Rh in 
clusters with a few Rh atoms) the excess hydrogen uptake 
for the smaller particles cannot be accounted for by just an 
excessive uptake at the edges and corners. This makes it 
likely that the entire surface, including the planar facets, is 
shifted to a higher hydrogen coverage for smaller particles.  

     For quantification of B5 sites, van Hardeveld and van 
Montfoort45 introduced the method of using IR 
measurements on chemisorbed N2, and later single crystal 
studies97,98 have supported that the observed IR bands from 
this method do arise from steps/defects such as the B5 sites. 
We conducted IR measurements of N2 adsorbed on the pre-
reduced Rh/SiO2 samples at 25 °C, which resulted in a single 
IR band at 2250 cm-1 (see Figure S5). On the basis of the 
observations by van Hardeveld and van Montfoort45 this 
band is attributed to N2 adsorption on the B5 sites. Figure 4b 
shows both the integral of this IR absorption band 
attributed to B5 sites and the surface concentration of step 
sites on Rh predicted from the Wulff construction model by 
Ishikawa et al.50 as functions of particle size. The reasonable 
agreement suggests that Wulff construction models provide 
a relatively good description of actual geometry. On the 
smallest particles the formation of step sites is unfavorable 
until a certain threshold size (for Rh in the 3-4 nm size 
range), where a sudden increase in step concentration 
occurs. As the steps according to the Wulff construction 
model occur along the edges of the nanoparticles (see 
Figure 4d), the step concentration then declines with 
increasing particle size following the decreasing fraction of 
edge atoms. Figure 4c shows a high resolution (HRTEM) 
image of an approximately 4 nm Rh particle on a TiO2 
support (where atomic resolution could be achieved), 
which shows the presence of a step as a missing atomic row 
along the edge (marked by the arrow). The creation of B5 
sites at steps along the edges is highlighted by the golden 
atoms in Figure 4d. This observation of steps occurring at 
the particle edges can thus help to rationalize that the 
fraction of step sites declines with size for larger particles 
(Figure 4b) together with the decreasing fraction of edges 
and corners (Figure 4a). For a 9 nm sample prepared by 
colloidal synthesis no IR band from adsorbed N2 was 
detected (see Figure S17). While the issue of remaining 
capping agents on the surface must be remembered this 
observation is in good agreement with van Hardeveld and 
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Figure 3. The origin of the low TOF in small nanoparticles. (a) TOF values for CO conversion as function of the total reactant 
pressure for Rh/SiO2 catalysts with different Rh particle sizes. Linear regression lines shown as guide to the eye. Other 
experimental conditions as for Figure 2. (b) DRIFTS spectra and (c) and (d) MS signals for H2, CO and CH4 in the gas effluent 
when shifting from He to H2 flow (at 11.5 bar, 250 °C) for Rh/SiO2 samples with mean Rh sizes of 1.7 nm and 3.7 nm after 
prior exposure to CO flow (17 bar, 250 °C). Catalyst mass: 40 mg, flow rate: 40 mL min-1. 
van Montfoort45,46 who also observed that the N2 uptake 
attributable to B5 sites had fallen below the detection limit 
for particles larger than 7 nm. Figure 4b also shows the 
results from similar N2 chemisorption measurements on 
Rh/ZrO2 by Ligthart et al.48 which substantiate the decline 
in N2 uptake/B5 sites above ca. 4 nm. The characterizations 
in Figure 4b thus show that the concentration of step sites 
goes through a sharp optimum before declining with size. 
Consequently, reactions relying on step sites would be 
expected to exhibit such a strong optimum (e.g. seen for 
alkane hydrogenolysis in Figure 1a or for CO oxidation on 
platinum15,16 and gold99), but CO hydrogenation follows the 
opposite trend shown in Figure 1b. Certain computational 
models of cobalt particles100,101 have suggested that the 
concentration of step sites should increase either 
continuously or towards a stabilized level with increasing 
particle size. However, this seems unlikely given that it is 
contradicted by the experimental characterization of the 
step concentration (Figure 4b), which instead follows the 
behavior predicted by the Wulff construction. 

     The fact that the TOF increases by 55% from 3.7 nm to 
5.3 nm Rh particles (Figure2a) where the number of B5 sites 
declines by 30% (Figure 4b) suggests that such step sites 
are not drivers of a high TOF for the Rh-catalyzed CO 
activation at these conditions. This is supported by the 
studies in the literature40–42 that also do not observe a 
decline in TOF above 4 nm where the concentration of B5 
sites should be declining (Figure 4b). Since the TOF (Figure 
2a) is also inversely correlated to the concentration of edge 
and corner sites (Figure 4a) the under-coordinated surface 
sites do not appear to represent important active centers. 
Consequently, the CO hydrogenation reaction most likely 
occurs on the planar facets. 
     Theoretical studies59 on Rh suggest a higher CO binding 
energy on under-coordinated sites such as steps compared 
to the planar facets, and lower repulsive interactions 
between adsorbates at the edges make high coverages far 
more energetically favorable here than on a planar 
surface64. Consequently, restrictions from a high coverage  
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Figure 4. Site distribution on Rh nanoparticle surfaces. (a) The hydrogen uptake (at 30 °C, 1 atm H2) relative to the amount of surface 
rhodium atoms from TEM image analysis (left Y-axis) and the surface fraction of edge and corner atoms in a cubo-octahedral particle 
(right Y-axis) as functions of particle size. (b) Relative surface concentration of step sites from the Wulff construction model by 
Ishikawa et al.50 along with the integrated area for the N2 IR peak around 2250 cm-1 as a function of particle diameter. IR data for 
similar N2 adsorption measurements on Rh/ZrO2 from Ligthart et al.48 are shown for comparison. Both the IR data and the original 
mass-based concentrations from Ishikawa were normalized by the surface to volume ratio, (i.e. 6/dp) assuming a spherical shape to 
obtain surface concentrations. (c) Representative TEM image with atomic resolution for 3% Rh/TiO2, recorded at 400 °C in H2 at 900 
mbar (0.9 mL min-1); white arrow highlights step sites. (d) Rh nanoparticles of 1.8 nm and 4.4 nm particle size (sizes calculated by 
from Eq. S5) from Wulff construction, considering 111, 100 and 211 facets. The larger particle illustrates the formation of B5 sites 
(gold colored atoms) at steps along the particle edges and shows the emergence of steps above a threshold size. The construction is 
obtained using the Nanocrystal tool102 with surface energies from the Materials Virtual Lab103. 

should be most severe at the under-coordinated sites and 
this may explain their limited catalytic role under realistic 
reaction conditions. Somorjai and co-workers observed104 
that CO hydrogenation on a Rh(111) single crystal only 
produced hydrocarbons (similar to the largest 
nanoparticles studied here) with a TOF that compared 
favorably to supported nanoparticles105. Additionally, Choi 
and Liu106 identified, by theoretical calculations, a H-
assisted CO dissociation pathway on Rh(111) with 
surmountable barriers. Combined with the concurrent 
increase in activity (Figure 2) and decrease in under-
coordinated sites (Figure 4) this suggests that the CO 
hydrogenation proceeds on the planar (111) and (100) 
facets. This creates an apparent contradiction. In low-
pressure studies on Rh single crystals Rh(111) terrace sites 
are found to be inactive for CO dissociation107, whereas C-O 
bond cleavage only occurs at step/kink sites108, but in the 
present high-pressure study, catalytic activity is lowest for 
the smaller particles with the highest concentrations of 

under-coordinated sites. This is most likely a pressure-gap 
effect. In the low-pressure single crystal studies, only the 
under-coordinated sites bind CO with sufficient strength to 
be populated at temperatures where dissociation can occur, 
and all activity thus resides at the under-coordinated sites. 
At the pressures of catalytic reaction tests it is oppositely 
the overpopulation of the surface that is the major issue and 
the more appropriately covered sites are on the planar 
surfaces of larger particles.  
     There are thus several indications that the reaction 
occurs on the planar facets, whereas the under-coordinated 
sites are prohibitively covered at reaction conditions. 
However, blockage of just the under-coordinated sites 
would only imply a 25% increase in TOF from 2 to 5 nm 
(Figures S1 and 4a), whereas the TOF actually rises by two 
orders of magnitude in this range (Figure 2a). This can 
potentially be reconciled by a remarkable aspect of the 
present observations, which is that the prohibitive coverage 

1.8 nm

4.4 nm
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on small particles does not appear to be limited to only the 
under-coordinated sites. The pressure dependence of the 
reaction rate on the larger particles, dominated by planar 
facets, suggests the reaction to be pressure sensitive on the 
planar facets. Yet the smallest particles (1.7 – 2.2 nm), which 
according to geometric considerations (see Figures S1 and 
4d) should already have most of the surface atoms on planar 
(111) and (100) facets, are nevertheless pressure 
insensitive. This strongly suggests that also all the planar 
facets are blocked by adsorbates on the smaller particles 
and thus that the entirety of the surface (and not just a 
minority of under-coordinated sites) is shifted to a 
prohibitively high coverage for small particles. 
     The size-dependent variations in total coverage outlined 
above appear to be more consistent with the experimental 
results than the alternative proposals for explaining the 
activity trend of Figures 1b and 2a. Van Helden et al.100 
proposed that structure sensitivity of the type in Figures 1b 
and 2a could arise because step sites are dominating the 
activity and that the concentration of such step sites rises 
with increasing particle size towards a stabilized level for 
larger particles. However, this explanation is contradicted 
by the N2 titration of step concentrations (Figure 4b) and 
the TOF for the expectedly step-dependent alkane 
hydrogenolysis reactions (Figure 1a). Both suggest that the 
step concentration peaks at a few nm in diameter and then 
declines with increasing size. Instead, the size-dependence 
of the step concentration determined semi-empirically by 
van Hardeveld and van Montfoort45 as well as theoretically 
by Wulff construction models (illustrated in Figure 4b) 
provides the best description of these experimental 
measures of the step concentration. Additionally, the 
transient experiments in Figure 3 show that smaller 1.7 nm 
particles, once they have shed the inhibiting CO coverage, 
also reach a methane formation/catalytic activity similar to 
larger 3.7 nm particles despite an order of magnitude 
difference in their steady state activity (Figure 2a). 
Proposals that suggest larger particles to be more active by 
being richer in active sites would predict the larger particles 
to be more active in both transient and steady state 
experiments, which is contrary to the present experimental 
observations. Consequently, it is not primarily the number 
of active sites or the intrinsic activity of sites that dictate the 
difference in activity between smaller and larger particles, 
but more likely the size dependent variation in total 
adsorbate coverage. 
     There are existing studies59,63,106 that combine DFT 
calculations and micro-kinetic modelling for Rh-catalyzed 
CO hydrogenation and consider either one type of site or a 
linear combination of (111) and step sites. However, none 
of these studies have identified that it is the CO coverage 
and specifically the dependence of this coverage on the 
particle size and site distribution that dictates the TOF and 
selectivity in the Rh-catalyzed CO hydrogenation. Hence, the 
factors that dictate the rise in adsorbate coverage towards 
saturation for small particles have not been taken into 
account in the existing modelling studies. Given the wide 
range of catalytic reactions following the relationship in 
Figure 1b the effects contributing to the exact quantification 
of the coverage on nanoparticles should be taken into 
consideration in future modelling, if such models are to 

reflect the behavior of practical catalysts with nm-sized 
particles constituting the active phase. 
      Within the uncertainty, X-ray absorption 
spectroscopy109–113 suggests that the Rh-Rh bond distance is 
the same in 2-10 nm particles as in bulk Rh foil, so there is 
no clear indication that bulk strain is the reason for the size-
dependence of the chemisorption properties. Consequently, 
the shift to higher coverage for smaller particles is more 
likely a surface mediated phenomenon. The hydrogen 
chemisorption data in Figure 4a show that the excessive 
uptake of hydrogen in smaller particles correlates to the 
number of under-coordinated sites even though these sites 
themselves cannot account for all of the excessive uptake. 
This could suggest that the concentration of under-
coordinated sites plays a general role in governing the 
adsorbate coverage on the entire surface – also on the 
planar facets. According to the theory of Smoluchowski114 
the electron cloud at the metal surface tends to smoothen 
out, which means that charge flows from surface 
protrusions such as steps to the lower lying facets yielding 
a positive charge on the step atoms. This also applies to 
other protrusions on a nanocrystal such as edges and 
corners115,116. Qualitatively, the effect of the surface 
protrusions should thus resemble the effect of 
electropositive dopants such as alkali adatoms, which 
become positively charged through electron donation to the 
metal. Janssens et al.117 conducted photoemission 
spectroscopy on noble gases adsorbed on K-doped Rh(111) 
and found that with 0.027-0.05 ML of K the accumulated 
electrostatic field from the dipoles was sufficiently far-
reaching to impact the interaction with adsorbates on the 
entire Rh surface. Somorjai and co-workers118 observed 
that with 0.1 ML of K on Rh(111) more than 80% of 
adsorbed CO could be dissociated at conditions where no 
dissociation occurred on the bare Rh(111) surface. Hence, 
the accumulated electrostatic effects from a low 
concentration of electropositive adatoms can intensify the 
interaction with the entirety of the adsorbate population. It 
is possible that in small particles, rich in under-coordinated 
surface sites, the electronic smoothening creates similar 
electrostatic effects that impact the entirety of the 
adsorbates including those on the planar facets. As a result 
the properties of e.g. the (111) facets of a small nanoparticle 
may differ from those of an infinite (111) plane. Such an 
effect seems likely to be more prominent on smaller 
particles with a high concentration of protrusions while the 
effect should gradually disappear with increasing particle 
size as the concentration of under-coordinated surface sites 
decreases. Thereby the coverage on the planar facets come 
to depend upon the particle size. In this picture the 
properties of the nanoparticle surface is not just resulting 
from a linear combination of sites with mutually 
independent properties but the population of the sites and 
the resulting catalytic properties also become a function of 
particle size.  
     In essence, there appears to be a link between the high 
concentration of under-coordinated sites and a 
prohibitively high adsorbate coverage on the entire surface 
of small particles. This implies that in addition to the size-
dependent distribution of the different types of sites the 
coverages of the various sites are also size dependent. Such 
a size dependence in the total coverage can rationalize both 
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the strong size dependence of the TOF (a factor of 10-100) 
for small (2-5 nm) particles and also explain the stagnation 
in the TOF for large particle sizes dominated by planar 
surfaces.  
 
4. CONCLUSIONS 
Here we have illustrated that a common structure 
sensitivity in heterogeneous catalysis entails a gradual rise 
in TOF with particle size towards a size-independent TOF, 
and have investigated one of the reactions sharing this 
structure sensitivity, namely the Rh-catalyzed CO 
hydrogenation. We find that the continuously declining 
fraction of edges and corners with increasing particle size 
expected from geometry is reasonably well supported by 
hydrogen chemisorption. The fraction of steps goes through 
an optimum in the 3-4 nm range. Yet, the TOF is lowest for 
the smaller particles with more under-coordinated sites 
and rises continuously with size although a beginning 
stagnation might be seen above 5 nm in agreement with 
previous observations. The results show that the lower 
steady state TOF for smaller particles occurs because the 
entire surface of the smaller particles is shifted towards a 
prohibitively high CO coverage. In transient experiments, 
where the prohibitive coverage is allowed to desorb, the 
rate of CO activation is similar for 1.7 nm and 3.7 nm 
particles while their steady state TOF-values differ by more 
than an order of magnitude. This illustrates that it is entirely 
the high coverage rather than the number or intrinsic 
activity of the sites that limits the smaller particles. The rise 
in TOF with increasing particle size thus arises from the 
modest rise in sites on the planar facets and the stronger 
effect of a declining CO inhibition of these sites. 
     Although the high coverage of adsorbates on small 
particles is shown here for CO hydrogenation, the generality 
of this type of structure sensitivity suggests that these 
conclusions are also relevant for other reactions. An 
example could be the Ru-catalyzed ammonia synthesis, 
where the structure sensitivity, as mentioned in the 
introduction, is also imperfectly understood. The 
kinetics119,120 of Ru-catalyzed ammonia synthesis suggest 
that hydrogen is a major inhibiting adsorbate. Given the 
substantial increase in hydrogen uptake on small particles 
observed here for rhodium (Figure 4a), it would seem 
reasonable that such a hydrogen-sensitive reaction is 
shifted towards prohibitively high hydrogen coverages on 
smaller particles. In other cases it could also be the products 
rather than the reactants that develop prohibitively high 
coverages. 
     However, the present results also show that the high 
coverage state on small particles is not necessarily an 
exclusively negative effect. This state is associated with 
altered properties that may open up different reaction 
pathways. For Rh the high CO coverage state drives a 
uniquely high selectivity to complex C2-oxygenates, which 
are of potential value as fuels and platform chemicals. 
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