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A B S T R A C T   

Fundamental knowledge on the energetics at the interface between a water layer and a metal catalyst is essential 
so as to understand the roles that water can play in the synthesis, activation, and regeneration of noble metal- 
based catalysts. Here, we report the direct measurement of the enthalpy of water adsorption (Δhads) on acti
vated carbon (C) and activated C-supported ruthenium (Ru) nanoparticles, which is a promising catalyst as 
applied to the hydrogenation/hydrodeoxygenation (HDO) of oxygenates (phenolics, aldehydes, etc.). Specif
ically, the near-zero coverage enthalpy of water adsorption on a C-supported Ru catalyst is − 75.3 ± 0.4 kJ/(mol 
water), suggesting favorable water–metal binding. This is much more exothermic than that on C, which has an 
enthalpy of adsorption of − 50.3 ± 1.3 kJ/(mol water). Despite the favorable initial binding, the magnitudes of 
enthalpies of water condensation on C and Ru-C indicate that overall, their surfaces are both hydrophobic. 
Moreover, the experimentally-measured near-zero coverage water adsorption enthalpy at the Ru sites is in very 
good agreement with our density functional theory based calculations. At low coverages, we obtain a water 
binding energy of − 61.7 kJ/(mol water), which increases to − 78.1 kJ/(mol water) at saturation. Complementary 
results are also obtained from a thermal analysis, which employed a thermogravimetric analysis–mass spec
trometry (TG-MS), a spectroscopic investigation using ex situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS), and a morphological evaluation with transmission electron microscopy (TEM). We point 
out that in carbon-supported metal catalysts, such as Ru-C, a strong hydration at near-zero coverage and relative 
weak water-surface interactions occur upon saturation. Such heterogeneity is essential and crucial for catalytic 
hydrogenation/HDO reactions that involve balanced interactions among the water-rich reactant mixture and 
nonpolar organic products.   

1. Introduction 

The energy crisis, global warming, and environmental pollution 
stimulate the development of alternative forms of energy from renew
able sources such as sunlight, wind, hydropower, ocean, geothermal 

activities, hydrogen, and biomass [1–5]. Fuel production from biomass 
conversion into bio-oil followed by its catalytic upgrading dominates the 
renewable energy industry by ~70 % [6,7]. Among the various biomass 
conversion methods such as gasification and fermentation, fast pyrolysis 
is a cost-effective way of producing bio-oil [8]. Typically, the bio-oil 

* Corresponding authors at: The Gene and Linda Voiland School of Chemical Engineering and Bioengineering, Washington State University, Pullman, WA, 99163, 
United States. 

E-mail addresses: js.mcewen@wsu.edu (J.-S. McEwen), d.wu@wsu.edu (D. Wu).  

Contents lists available at ScienceDirect 

Catalysis Today 

journal homepage: www.elsevier.com/locate/cattod 

https://doi.org/10.1016/j.cattod.2020.09.021 
Received 15 June 2020; Received in revised form 17 September 2020; Accepted 30 September 2020   

mailto:js.mcewen@wsu.edu
mailto:d.wu@wsu.edu
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2020.09.021
https://doi.org/10.1016/j.cattod.2020.09.021
https://doi.org/10.1016/j.cattod.2020.09.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2020.09.021&domain=pdf


Catalysis Today 365 (2021) 172–180

173

obtained from biomass pyrolysis unavoidably contains a significant 
amount of highly oxygenated organic species, which not only exhibit a 
low heating value but also are corrosive and thermally unstable [9–11]. 
These compounds have made the direct pyrolysis products intrinsically 
incompatible with the current petroleum-derived oil. Thus, post pyrol
ysis deoxygenation (DO) is necessary to enhance the quality of bio-oil. 

Two promising strategies for industrial-scale processes for upgrading 
bio-oil to engine fuels are catalytic cracking and hydrodeoxygenation 
(HDO) [12–14]. Upgrading with zeolite cracking, which mimics fluid 
catalytic cracking (FCC), does not work as expected due to its unsatis
factory performance. In comparison, HDO uses hydrogen as the reducing 
agent to hydrogenate and then cleave the carbon-oxygen bonds in the 
oxygenates, via chemistry similar to those of hydrodesulfurization 
(HDS), a mature industrial process that uses hydrogen to saturate heavy 
hydrocarbons and then cleave their carbon-sulfur bonds in heavy oil 
processing [12]. Typical HDO catalysts include sulfides [12,15] and 
supported transition or noble metal clusters/particles [16–20]. Ruthe
nium (Ru)-based catalysts [21–29] are a family of promising candidates 
owing to their high HDO performance and much lower cost as compared 
with other noble metal catalysts [30–34]. Taking advantage of the high 
surface area, mild acidity, and surface oxophilicity of activated carbon, 
catalysts with Ru nanoparticles supported on activated carbon (Ru-C) 
have been particularly attractive for catalytic HDO bio-oil upgrading 
[16,35]. 

Thus far, the synthesis of Ru-C catalysts, their structures and catalytic 
functions, and the resulting HDO reaction pathways have been exten
sively studied [21–29]. In particular, there have been several studies in 
the literature regarding the formation of water overlayers on Ru (0001) 
[36–41]. However, the hydration energetics of synthesized 
carbon-supported Ru catalysts has not been studied using integrated 
calorimetric methods and density functional theory (DFT) models. Yet, 
these energetic landscapes dictate the interactions of Ru and C with the 
reactants, intermediates, and transition states and in turn the HDO rates 
and selectivities. Fundamentally, water and Ru-C interactions are 
important because water is a major component of the reactant mixture. 
The starting bio-oil from fast pyrolysis contains about 15− 30 wt% of 
water [42]. In addition, water is one of the products of an HDO reaction, 
which means subtle variations in the binding of water to a catalyst 
surface and local water concentration likely substantially impact the 
elementary steps and direction of surface reactions, the binding ener
getics of adsorbed species, including reactants, intermediates, and 
products. Water may also occupy and, in some cases, deactivate the 
catalytic sites once hydration is dominant on the catalyst surfaces due to 
surface flooding [43]. Moreover, the biphasic aqueous-oil system is one 
of the most promising reaction systems for bio-oil upgrading [44–46]. 
Finally, water can play multiple roles in a catalytic reaction itself, 
ranging from proton shuttling to forming hydroxyl groups that can act as 
Brønsted acid sites [47,48]. Therefore, it is essential to carry out 
fundamental studies on the hydration energetics of carbon-supported Ru 
catalysts. 

Herein, we focus on the energetic landscape, as water molecules 
adsorb on and interact with Ru nanoparticles and with the C supports. 
Previously, the hydration energetics of nanoparticles, porous materials, 
and nuclear waste forms has been studied using adsorption calorimetry, 
in which the surface energetics were systematically probed as a function 
of water vapor partial pressure [49–55]. Here, we do not focus on the 
reaction engineering or the kinetics of HDO processes. To reveal the 
heterogeneity of Ru-C and its hydration energetics relavant to HDO, we 
carried out water adsorption calorimetry on activated carbon (C) and 
1 wt% ruthenium supported on activated carbon (Ru-C), a representa
tive carbon-based noble metal catalyst. Prior to calorimetric measure
ments, both samples were characterized using ex situ X-ray diffraction 
(XRD), ex situ diffuse reflectance infrared Fourier transform spectros
copy (DRIFTS), and transmission electron microscopy (TEM). Coupled 
with thermogravimetric analysis–mass spectrometry (TG-MS), we suc
cessfully monitored the dehydration processes for C and Ru-C. Further, 

the experimentally measured water adsorption enthalpy at near-zero 
coverage is compared to the coverage dependence of water adsorption 
as calculated from first principles using density functional theory (DFT), 
where the differential and the average binding energy values are ob
tained on Ru (0001). We also compare our results to those obtained on 
graphene and hydrogen-terminated graphene so as to obtain fundat
mental insights into this complex adsorption system. 

2. Experimental methods 

2.1. Catalyst synthesis 

Ru-C catalysts were synthesized with incipient wetness impregnation 
methods. Activated carbon powders were obtained from Norit (SX 
ULTRA CAT 8020-1, 1200 m2 /g, 1.4 cm3/g pore volume, 90 % of par
ticles <100 μm). The powders were treated at 2 ◦C/min to 300 ◦C and 
holding for 7 h in He (Linde certified standard, 99.999 %). After the heat 
treatment, Ru was introduced by incipient wetness impregnation using 
an aqueous Ru(NO)(NO3)3 solution, prepared by diluting the Ru pre
cursor (Sigma Aldrich, CAS Number: 34513-98-9) in doubly-deionized 
water (>18 MΩ cm). The sample was then dried at 70 ◦C for 12 h 
under ambient condition, before treating under 5 % H2/He (Linde 
certified standard) at 0.16 ◦C/s to 450 ◦C and maintaining at that tem
perature for 5 h. After the heat treatment, the sample was cooled to 
ambient temperature and then contacted with 5.5 % O2/He (Linde 
certified standard) before exposure to the ambient air. The average Ru 
nanoparticle diameters were determined from volumetric hydrogen 
chemisorption at 40 ◦C. 

2.2. Ex situ X-ray diffraction 

Powder X-ray diffraction (XRD) patterns were collected at room 
temperature using a Rigaku Smartlab instrument (Cu Kα, 40 kV and 
15 mA) from 20 to 80◦ at 2◦/min for phase identification. 

2.3. Transmission Electron Microscopy (TEM) 

We examined the sample morphology using transmission electron 
microscopy (TEM, FEI Tecnai T20 with a LaB6 cathode at 200 kV) in the 
Franceschi Microscopy and Imaging Center (FMIC) at Washington State 
University. 

2.4. Ex situ diffuse reflectance infrared fourier transform spectroscopy 
(Ex situ DRIFTS) 

The ex situ diffuse reflectance infrared Fourier transform spectros
copy (ex situ DRIFTS) measurements were carried out using a high- 
temperature cell (Spectra-Tech®) equipped with ZnSe windows. The 
background spectrum was collected over a pure diamond. The C and 
carbon-supported Ru samples were diluted using diamond before spec
trum collection from 4000 to 650 cm− 1. 

2.5. Thermal analysis 

Thermal analysis was performed on a Netzsch Instrument STA 449 
F3 coupled with mass spectrometry (Jupiter® STA-QMS 403 D Aëolos® 
quadrupole mass spectrometer) to determine the temperature at which 
the adsorbed species are removed from the material surface. About 
15 mg of sample was placed in an alumina crucible and heated under 
nitrogen flow (50 mL/min) from 35 to 800 ℃ at 10 ℃/min. The exhaust 
species from the thermal analysis were introduced into the ionization 
chamber of the MS where they were ionized and fragmented by a cross 
beam electron impact ion source. The m/z ratios of the desorption 
product fragments were identified by an SEM detector with discrete 
dynodes and integrated Faraday cup. During thermal analysis, the 
adsorbed species on the C and carbon-supported Ru (Ru-C) samples were 
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determined qualitatively by the MS peaks. The desorption temperature 
for each sample was determined by this set of integrated TG-MS data. 

2.6. Water adsorption calorimetry 

Both C and Ru-C samples were pretreated at 150℃ in a vacuum oven 
for 24 h prior to the water adsorption calorimetry. The enthalpies of 
water adsorption for C and the carbon-supported Ru samples were 
determined using a modified Micromeritics 3Flex multiport adsorption 
analyzer in conjunction with a Setaram Sensys Evo microcalorimeter. 
This methodology allows for simultaneous measurements of the 
adsorption isotherm and the heat effect associated with each adsorption 
equilibrium at a particular temperature [52,56–58]. The sample 
(~60 mg) was placed in one side of a silica glass forked tube. The other 
side was left empty to function as a reference. The forked tube was 
inserted in the twin chambers of the microcalorimeter and connected to 
the analysis port of the adsorption analyzer. Each water vapor dose was 
~ 0.2 μmol with an equilibrium time of 120 - 200 min and resulted in a 
calorimetric peak. The adsorption isotherm and associated energetic 
effects were recorded simultaneously. We derive the differential en
thalpies of adsorption, kJ/(mol adsorbate), by dividing the total heat 
effect (kJ) with its corresponding uptake (mole of adsorbate). Calisto 
Processing software (AKTS, Switzerland) was employed for peak area 
calculation and data interpretation. 

2.7. Density functional theory (DFT) 

Theoretical investigations were performed to further understand the 
energetics of water adsorption on Ru and C. Ru was modeled with a Ru 
(0001) surface with dimensions of 9.4 × 9.4 × 21.5 Å with a p 
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R30◦ supercell. A single pristine graphene sheet was also modeled 

within a 14.8 × 14.8 × 20.0 Å unit cell. Finally, a graphene nanoribbon 
with hydrogen-terminated edges was modeled in a 17 × 29 × 21 Å unit 
cell. The calculations were carried out in spin restricted fashion in all 
three models. Ab-initio simulations were performed using the Vienna Ab 
initio Simulation Package (VASP) [59,60]. The core electrons were 
modeled using generalized gradient approximation (GGA) with the 
projector-augmented waves (PAW) method [61]. The pseudopotential 
for Ru, C, H, and O were the POTCARs released in Feb 2005, Apr 2002, 
Jun 2001, and Apr 2002, respectively. The optB88-vdW [62,63] 
exchange–correlation functional, which includes van der Waal contri
butions, was used in our DFT-based model. 

In addition, we have compared our optB88-vdW functional results to 
those as obtained with the RPBE functional [64] using an adaptive 
weighted sum of their respective adsorption energies [65]. This method 
indicates that optB88-vdW would be the functional of choice for water 
adsorption on a pristine and a hydrogen-terminated graphene sheet as 
well as for Ru (0001), as was noted in the literature [66]. Water is also 
found to adsorb more strongly when using the optB88-vdW functional as 
compared to the RPBE functional (see Section 1 of the SI), which agrees 
better with our experimental data. Therefore, we used optB88-vdW 
functional for all our calculations as reported in the paper. 

A plane wave basis set was expanded to a kinetic energy cutoff of 
450 eV. Ground-state optimizations were performed using the conjugate 
gradient algorithm with electronic energies tolerance to 10− 4 eV and 
forces on each atom were less than 0.03 eV/Å. Gaussian smearing 
(N = 0) [67,68] was applied for the pristine and H-edged graphene 
sheet, whereas the Methfessel–Paxton [69] smearing (N = 1) method 
was used for Ru slab to set partial occupancies of bands along with 
smearing width of 0.1 eV. Calculations for the water molecule in the gas 
phase were performed using a 14 × 15 × 16 Å box on a single Gamma 
k-point to span the Brillouin zone. The lattice constant optimized for 
graphene using the optB88-vdW and RPBE functionals were respectively 
2.465 Å and 2.479 Å, which is consistent with our previous results where 
the PBE functional was used [70]. As for our modeling studies on Ru 

(0001), we obtained a value of a = 2.717 and c =4.284 Å for the opti
mized lattice constants when using the optB88-vdW functional when 
using a (20 × 20 × 20) Gamma point centered k-point mesh, which is 
consistent with previous results [71–74]. The Ru (0001) surfaces were 
modeled using four atomic layers with a vacuum spacing of 15 Å, where 
the bottom two layers of the surfaces are fixed at their builk value po
sitions, while the top two layers were allowed to relax. A (1 × 1 × 1) 
Monkhorst-Pack grid [75] was used to model the pristine graphene 
sheet, a (1 × 1 × 1) Monkhorst-Pack grid was used to model the 
hydrogen-terminated graphene nanoribbon, and a (3 × 3 × 1) 
Monkhorst-Pack grid was used to model the Ru (0001) surface. 

Ab-initio MD (AIMD) simulations were performed to find the global 
minimum of a water molecule adsorbed on a given surface by carrying 
out simulated annealing with a time step of 2 fs. The hydrogen mass was 
set at 2 au to allow a larger time step in the AIMD simulations [47]. First, 
the surface with 1 H2O molecule was placed in a random position and 
optimized using a DFT-based calculation. Then the system was annealed 
from 300 to 50 K for 10 ps, followed by second annealing from 50 to 20 K 
for another 10 ps. The system is then optimized in its ground state ge
ometry. AIMD simulations were run using a single Gamma k-point and 
RMM-DIIS (ALGO =Very Fast) algorithm. 

The coverage of water, Θ, is defined as the number of water mole
cules adsorbed per number of surface atoms in a unit cell and is 
expressed in monolayers (ML). The average adsorption energy, (Eaverage

ads ), 
on a per molecule basis (kJ/(mol water), is defined as: 

Eaverage
ads = (Etotal − nEwater − Esurface )

/
n (1)  

where Etotal, Esurface, and Ewater represent the total energy of the system 
(surface with adsorbates present), the total energy of the clean surface 
(Ru or graphene or H-edge graphene sheet), and the total energy of an 
isolated water molecule in the gas phase, respectively. Also, n is the 
number of water molecules adsorbed on the surface. The differential 
adsorption energy, (Edifferential

ads , kJ/(mol water)), is defined as: 

Edifferential
ads = (Entotal − E(n− 1)total − Ewater) (2) 

A differential charge analysis was performed to obtain Δρ( r⇀) which is 
the net electronic exchange upon adsorption of water on the surface. The 
value of Δρ( r⇀) was calculated using the equation below: 

Δρ = ρtotal − ρwater − ρsurface (3)  

where ρtotal( r⇀), ρsurface( r⇀), and ρwater( r⇀)represent the charge distribution 
for the adsorbed system (surface with adsorbates present), the clean 
surface (Ru or graphene or H-edged graphene sheet), and the water 
molecule in the gas phase, respectively. 

The electronic interactions between water and the surface of the 
catalyst are further quantified using Eq. 4, where we integrated the 
absolute value of the differential charge density over the entire unit cell. 
This will give us a mean absolute charge transferred between the 
adsorbate and surface (Q) as calculated below: [76] 

Q = 1/2
∫

dr⃑ |(Δρ(r⃑)| (4)  

where Δρ(r⃑) is the differential charge density of the system. 

3. Results and discussion 

The weak XRD peak at ~ 42◦ belongs to Ru nanoparticles. (see 
Fig. 1a). Ex Situ DRIFTS in Fig. 1b suggests a very low degree of hy
dration with minimal presence of surface hydroxyl groups. In addition, 
there appears to be no detectable spectroscopic difference after the 
loading of 1 wt% Ru on the activated carbon. No peak is observed be
tween 4000 and 3000 cm− 1, which is evidence of a very low degree of 
hydration on both samples. The peaks below 2000 cm− 1 are tightly 
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correlated to the surface functional groups. Specifically, the peaks at 
about 1900 and 1670 cm− 1 are attributed to the stretching vibration of 
C––O functional group. The feature at about 1574 cm− 1 belongs to 
ν(C––C) vibration of the sp2 rings, while the features around 1383 cm− 1 

are assigned to the aliphatic C–C bonds and/or carboxylate groups. 
DRIFTS was not able to directly identify the Ru species on the carbon 

surface [20]. 
The morphologies of the C and Ru-C samples were characterized by 

TEM. Fig. 2a shows the typical morphology of uniform activated carbon. 
There is no detectable large Ru particle in Fig. 2b, which is indeed an 
indication of nanosized Ru particles on the surface of activated carbon. 
Volumetric hydrogen chemisorption at 40 oC gives the average Ru 
nanoparticle diameter of 14 nm. Jin et al. and Sun et al. both found that 
once supported on activated carbon, Ru particles are much better 
dispersed as compared with Au, Pt, Fe, and Pd [20,77]. This phenome
non may originate from the existence of a significant amount of 
non-crystallized [Ru(O)x]δ+ species on the carbon surface [78]. 

TG profiles of both samples, obtained during heating under flowing 
N2, show very little weight loss, suggesting a low degree of hydration 
between 25 and 200 ◦C (see Fig. 3a) [79]. Fig. 3b shows the corre
sponding m/z = 18 signals from the MS during the 
temperature-programmed heating of the two samples. On Ru-C, the peak 
of m/z = 18 was observed from 100 to 150 ℃, which presents clear 
evidence of dehydration, where the water was removed and detected in 
the effluent stream. For the contrasting case of the C support without Ru, 
the lack of this water desorption feature in this temperature range 
suggests that dehydration does not occur to a significant extent (see 
Fig. 3b). Moreover, the thermal analysis results confirm that, after 
pretreatment and in situ degas at 150 ℃, the sample surfaces are fully 
dehydrated. 

The water adsorption isotherms and corresponding differential en
thalpies (Δhads), chemical potential (Δμads), and differential entropies 
(Δsads) for both samples are plotted in Fig. 4. The water adsorption 
isotherms of C and Ru-C appear to be hybrids of different Types ac
cording to the IUPAC classification (Fig. 4a). Specifically, at very low 
partial pressure (P/Po, where Po equals 23.77 mmHg at 25 ◦C [80]) or 
near-zero coverage, the isotherms of both C and Ru-C features relatively 
steep slopes, as seen in the low P/Po range of Type I & II isotherms, which 
suggest favorable water-surface binding at near-zero coverage values. 
The remaining portions of the isotherms mimic the trend of Type III 
isotherms until saturation and indicate energetically unfavorable 
water-surface interactions followed by water-water intermolecular in
teractions (clustering at condensation). Hence, the hybrid nature of 
water adsorption isotherms is clear evidence of surface heterogeneity or 
hydrophobicity, as was observed on hydroxylated silica glass [52]. 
Interestingly, in earlier water adsorption calorimetry studies of 
microwave-synthesized carbon nanotube/graphene composites, the 
isotherms are all Type II, suggesting much more favorable surface hy
dration from near-zero coverage to condensation [79]. 

The near-zero differential enthalpies of water adsorption (Δhads-zero) 

Fig. 1. Room temperature (a) ex situ XRD patterns and (b) ex situ DRIFTS 
spectra of activated carbon (C, navy) and Ru-doped activated carbon (Ru-C, 
red) (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 

Fig. 2. TEM images of (a) activated carbon (C, navy) and (b) Ru-doped activated carbon (Ru-C, red) (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article). 
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are − 50.3 ± 1.3 kJ/(mol water) for C and − 75.3 ± 0.4 kJ/(mol water) 
for Ru-C. These exothermic Δhads-zero values are in good agreement with 
the slope trend of isotherms and suggest strong initial chemisorption on 
the energetically most favorable surface sites. For the C sample, the most 
exothermic adsorption at near-zero coverage likely takes place on the 
hydroxyl groups on the carbon surface. The initial binding on Ru-C is 
likely caused by strong coordination between the water molecules and 
the exposed Ru sites on the Ru clusters or nanoparticles. Subsequently, 
the Δhads of each sample tends to be gradually less exothermic until 
reaching the plateaus at − 37.7 ± 0.7 kJ/(mol water) for C and 
− 36.3 ± 0.8 kJ/(mol water) for Ru-C (see Fig. 4b), both of which are less 
negative than the water condensation enthalpy on hydrophilic surfaces, 
-44.0 kJ/(mol water). Thus, the differential enthalpy plateaus for both 
samples occur at roughly the same value indicating that the presence of 
Ru species (1 wt%) does not significantly modify the overall thermo
dynamic properties of the surface. Moreover, the roughly 25 kJ/(mol 
water) difference in Δhads-zero highlights the energetic difference of 
water adsorption caused by the introduction of the Ru species. 

Further, we derived the partial molar free energies (chemical po
tential, Δμads) and differential entropies (Δsads) as a function of loading 
for both samples. The Δμads profiles were calculated using the equation 
Δμads=RT ln(P/Po), in which T = 298 K. P/Po is the partial pressure, and 
water vapor at 1 atm is selected as the standard state [79,81]. Generally, 
the Δμads curves are both negative for C and Ru-C reflecting spontaneous 
adsorption. For each sample, the Δμads tends to be less exothermic as 
P/Po increases until leveling at approximately the same plateau at 
slightly below zero. Such Δμads profiles suggest spontaneous hydration 
throughout the pressure range studied. As more water is adsorbed, the 

adsorption of water becomes less spontaneous. Additionally, as ex
pected, the near-zero chemical potential Δμads-zero for Ru-C is 
− 24.2 ± 0.2 kJ/(mol water), which is more exothermic than that of the 
C sample (− 23.0 ± 0.4 kJ/(mol water), Fig. 4c). On the other hand, the 
Δsads profiles were derived using the equation Δμads = Δhads − TΔsads, in 
which T = 298 K. The shared general trend for C and Ru-C is that the 
Δsads is less negative as more water molecules are deposited onto the 
surfaces, indicating decreased entropy change as the degree of hydration 
increases. Specifically, the activated carbon (C) sample shows less 
negative Δsads-zero at near-zero coverage suggesting that the water is 
initially loosely bonded (physisorbed) while still being highly mobile on 
the carbon surface resulting in a surface higher in entropy than that with 
tightly bonded chemisorbed water (see Fig. 4d). The Ru-C sample, in 
contrast, exhibits much more negative Δsads-zero, as the compelling evi
dence that the water molecules are chemisorbed onto the ruthenium 
(Ru) sites, leading to the formation of more ordered surface assemblages 
of water [40]. More quantitatively, the near-zero differential enthalpy of 
water adsorption Δsads-zero is − 0.17 ± 0.02 kJ/(mol∙K). Since the stan
dard molar entropy of water vapor is ~ 0.19 kJ/(mol∙K) at 25 ◦C, the 
calorimetrically derived Δsads-zero value in this study indicates that the 
water molecules adsorbed on Ru particles nearly lose all translation and 
rotation. At high water coverages, the Δsads curve levels at a plateau of 
− 0.12 ± 0.03 kJ/(mol∙K), which is in agreement with the entropy 
change at 25 ◦C (− 0.08 kJ/(mol∙K)) calculated using the Campbell–
Sellers approach with the function Δsads

◦ = (0.70*swater vapor
◦− 3.3R)−

swater vapor
◦, in which R is the gas constant, and sads

◦ = 0.70*swater 

vapor
◦− 3.3R [82]. Thus, at high coverage water appears to be in 2D ideal 

gas form that contains significant translation and rotation contributions. 
In sum, the Δsads profiles indicate that the water on C and Ru-C surfaces 
are highly dynamic clusters, which are energetically off the bulk water 
seen in our water bottle or on hydrophilic surfaces [81]. 

We have further calculated the adsorption energy of water within our 
DFT-based model. Water adsorbs on Ru (0001) at its most favorable 
adsorption site where the oxygen atom is centered on a top site at a 
height of ~ 2.3 Å above the surface (see Fig. 5). Its adsorption geometry 
is consistent with previous results [39,74]. At a coverage of 0.08 ML of 
water, we find its adsorption energy to be − 61.7 kJ/(mol water). When 
increasing the water coverage on Ru (0001) from 0.08 to 0.66 ML the 
adsorption of water strengthens from − 61.7 kJ/(mol water) to 
− 78.1 kJ/(mol water) (see Fig. 6, with the corresponding structures in 
Fig. S1). As such, there is H-bonding between the water molecules at 
higher coverages. Interestingly, our DFT-based adsorption energy at 
high coverages closely correlates with the experimentally measured 
value of − 75.3 ± 0.4 kJ/(mol water). Water strongly adsorbs on Ru as 
compared to when it adsorbs on a pristine graphene sheet, where water 
adsorbs with one of its H atoms directed on the C that forms a 
6-membered ring in the sheet as illustrated in Fig. 5. This was found to 
be consistent with the reported results in the literature [83,84]. The 
resulting adsorption energy at its most favorable adsorption site is 
− 20.3 kJ/(mol water) suggesting that water is only physisorbed. Such a 
physisorption configuration is also consistent with the fact that the 
water molecule is further away from the surface with the oxygen being 
~ 3.5 Å above the surface with the hydrogen of the water molecule 
pointing toward the surface. We have further compared the adsorption 
of water to the case when it binds to a H-edge graphene sheet, where 
several possible adsorption sites were tested, as discussed in the SI. Our 
calculations suggest that water adsorbs with both of its H atoms directed 
toward the surface and with the oxygen at a distance of ~ 3.8 Å relative 
to the sheet with a resulting adsorption energy of − 13.8 kJ/(mol water) 
(see Fig. 5). 

Such a lower adsorption energy is clearly reflected in the differential 
charge analysis that is depicted in Fig. 5b. This analysis shows that the 
oxygen atom gains charge in all three cases upon adsorption. Overall, 
the charge transfer between the water molecule and the surface was 
higher on Ru (0001) than on the pristine and the H-edged graphene 
sheet, indicating stronger bonding on the Ru surface as compared to the 

Fig. 3. (a) TG, and (b) MS profiles of activated carbon (C, navy) and carbon- 
supported Ru (Ru-C, red). The thermal analysis was performed from room 
temperature to 800 ◦C at 10 ◦C/min under flowing nitrogen (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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graphene sheets, with mean charge transfer for Ru (0001), pristine 
graphene sheet, and H-edged graphene sheet being 0.49, 0.09 and 0.08 
electrons respectively. As such, the low adsorption energy of water on 
the H-edge model of graphene and the pristine graphene sheet is directly 
correlated with the hydrophobicity of the activated carbon surface. On 
the other hand, when the activated carbon surface was modified with 
Ru, the interaction of water with the surface is favorably increased as 
compared to a H-edged graphene or a pristine graphene sheet on ac
count of its higher adsorption energy. 

Interestingly, our DFT-based results on the Ru (0001) surface 
(− 61.7 kJ/(mol water)) and the H-edge graphene sheet (− 20.3 kJ/(mol 
water)) at low coverages are both below those obtained from our calo
rimetry results, where heat of adsorption values of − 75.3 ± 0.4 kJ/(mol 
water) were found at low coverage on the Ru-Ccatalyst while 
-36.3 ± 0.8 kJ/(mol water) was found on the saturated Ru-C catalyst 
sample. This gives an experimental heat of adsorption energy difference 
of 39.0 kJ/(mol water) while our DFT-based calculations give an 
adsorption energy difference of 41.4 kJ/(mol water), see Fig. 7. As such, 
even though it would seem that our DFT-based results systematically 
underestimate the adsorption strength of water for the adsorption of an 
isolated water molecule, it does seem to provide a more reasonable es
timate of the adsorption energy when the surface is saturated with water 
with an average adsorption energy of − 78.1 kJ/(mol water), see Fig. 6. 
These observations are also consistent with previous DFT-based calcu
lations using the optB88-vdW functional as obtained in a recent 
benchmarking study on Pt (111) [65]. In that study, the experimental 
heat of adsorption value for water on Pt (111) was − 51.0 kJ/mol, while 
the value obtained with the optB88-vdW functional was − 39.0 kJ/(mol 
water) for an isolated water molecule on Pt (111). A similar value was 
also obtained for the optB86b-vdW functional where an adsorption 

energy value of − 41.0 kJ/(mol water) is obtained. This suggests that the 
adsorbed water may be saturated locally in the experimental measure
ments, even if the coverage is low. We remark however that the 
optB88-vdW and optB86b-vdW functional values on Pt (111) are much 
closer to the experimental values as compared to the BEEF functional 
[65,85], where the adsorption energy value for water on Pt (111) is 
− 21.0 kJ/(mol water). As such, van der Waals forces play a dominant 
role in the bonding of water to metal surfaces. 

4. Conclusions 

In this thermodynamic study, we integrated calorimetric measure
ments with DFT-based models to arrive at the following general con
clusions of: (i) at near-zero coverage, the most exothermic enthalpies of 
water adsorption (Δhads-zero) are − 75.3 ± 0.4 kJ/(mol water) for Ru-C, 
and − 50.3 ± 1.3 kJ/(mol water) for activated C; (ii) By considering 
the particle size effects, higher surface energies in subnano or nanosized 
Ru particles than on single-crystal surfaces, and the recent optB88-vdW 
benchmarking results that are available in the literature, the calori
metric Δhads-zero data is in very good agreement with the adsorption 
energy obtained using our DFT-based models, which ranges from ΔhDFT 
= − 61.7 kJ/(mol water) for an isolated water molecule to − 78.1 kJ/ 
(mol water) at 0.66 ML; (iii) at intermediate coverages above 1 ML, both 
Δhads curves tend to be gradually less exothermic until saturation at 
about − 37 kJ/(mol water). These plateaus indicate that water clustering 
occurs on a moderately hydrophobic activated carbon surface, and 
further suggest that the carbon-surface-confined water are highly dy
namic clusters. Moreover, this set of data indicates that surface modi
fication of carbon with noble metals, such as Ru, substantially enhances 
the water – catalyst affinity in the low coverage limit. Such 

Fig. 4. (a) Water adsorption isotherms and corresponding (b) differential enthalpies, Δhads, (c) chemical potentials, Δμads, and (d) differential entropies, Δsads, of 
water adsorption curves at 25 ◦C on activated carbon (C) and carbon-supported Ru (Ru-C) samples. 
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heterogeneity is critical to enable effective HDO catalysis processes, in 
which complex organic fuels and water coexist. In the nearby future, we 
will report our study integrating CO adsorption calorimetry and DFT- 
based modeling to reveal the energetic distribution of Ru sites on the 
carbon surface as CO is supposed to selectively bind to metals while not 
binding to carbon. 
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[63] J. Klimeš, D.R. Bowler, A. Michaelides, Chemical accuracy for the van der Waals 
density functional, J. Phys. Condens. Matter 22 (2010) 022201, https://doi.org/ 
10.1088/0953-8984/22/2/022201. 

[64] B. Hammer, L.B. Hansen, J.K. Nørskov, Improved adsorption energetics within 
density-functional theory using revised Perdew-Burke-Ernzerhof functionals, Phys. 
Rev. B 59 (1999) 7413–7421, https://doi.org/10.1103/PhysRevB.59.7413. 

[65] A.J.R. Hensley, K. Ghale, C. Rieg, T. Dang, E. Anderst, F. Studt, C.T. Campbell, J. 
S. McEwen, Y. Xu, DFT-based method for more accurate adsorption energies: an 
adaptive sum of energies from RPBE and vdW density functionals, J. Phys. Chem. C 
121 (2017) 4937–4945, https://doi.org/10.1021/acs.jpcc.6b10187. 
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