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Abstract 7 

In this perspective paper, we discuss the previous advances, current challenges, and future 8 
opportunities for the research of catalytic reduction of water pollutants. We present five case 9 

studies on the development of palladium-based catalysts for nitrate, chlorate, and perchlorate 10 
reduction with hydrogen gas under ambient conditions. We emphasize the realization of new 11 
functionalities through the screening and design of catalytic metal sites, including (i) platinum 12 

group metal (PGM) nanoparticles, (ii) the secondary metals for improving the reaction rate and 13 
product selectivity of nitrate reduction, (iii) oxygen-atom-transfer metal oxides for chlorate and 14 

perchlorate reduction, and (iv) ligand-enhanced coordination complexes for substantial activity 15 
enhancement. We also highlight the facile catalyst preparation approach that brought significant 16 
convenience to catalyst optimization. Based on our own studies, we then discuss directions of the 17 

catalyst research effort that are not immediately necessary or desirable, including (1) systematic 18 
study on the downstream aspects of under-developed catalysts, (2) random integration with hot 19 
concepts without a clear rationale, and (3) excessive and decorative experiments. We further 20 
address some general concerns regarding using H2 and PGMs in the catalytic system. Finally, we 21 

recommend future catalyst development in both “fundamental” and “applied” aspects. The purpose 22 
of this perspective is to remove major misconceptions about reductive catalysis research and bring 23 
back significant innovations for both scientific advancements and engineering applications to 24 
benefit environmental protection.    25 
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1. Introduction 29 

Since the first report (Vorlop and Tacke, 1989), catalytic reduction of water pollutants has 30 
been extensively studied for over 30 years (Chaplin et al., 2012; Yin et al., 2018; Heck et al., 2019). 31 
The target pollutants include toxic oxyanions [e.g., nitrate (NO3

−), nitrite (NO2
−), bromate (BrO3

−), 32 

chlorate (ClO3
−), perchlorate (ClO4

−), chromate (CrO4
2−)], organic halides (e.g., various 33 

brominated, chlorinated, or fluorinated hydrocarbons and functional molecules), and nitro- and 34 
nitroso- compounds (e.g., TNT, RDX, and NDMA, Fig.1). For water treatment, hydrogen gas (H2) 35 
is an ideal electron source because the byproduct is H2O: 36 

ClO4
− + 4 H2 → Cl− + 4 H2O  (1) 37 

2 NO3
− + 5 H2 + 2 H+ → N2 + 6 H2O  (2) 38 

The activation of H2 (into 2 e− + 2 H+) at ambient temperature (e.g., 20 °C) and pressure (1 atm) 39 

is enabled by heterogeneous catalysts, which typically contain platinum-group metal (PGM) 40 
nanoparticles on high-surface-area support (e.g., activated carbon C, γ-alumina Al2O3, and porous 41 
silica SiO2). The PGMs include ruthenium (Ru), osmium (Os), rhodium (Rh), iridium (Ir), 42 

palladium (Pd), and platinum (Pt). 43 

 44 

Fig.1. Representative pollutants reported to be degraded by reductive catalysis. 45 
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Despite the unique advantages of reductive catalysis, especially (i) the use of H2 as a clean 46 
electron source, (ii) the completion of pollutant treatment under ambient conditions, and (iii) the 47 
simplicity of catalyst preparation, reactor setting, and result interpretation, the topic of reductive 48 
catalysis for water pollutant treatment has been recently vanishing from the academic research 49 

focus. However, this trend is not caused by the technology maturity that leaves no opportunity for 50 
further innovation. It is also not caused by the development of other technologies showing better 51 
cost-effectiveness. While some criticize the use of PGM (costly) and H2 gas (flammable), the 52 
recent upsurge of electrochemical reduction of nitrate (NO3

−) into ammonia (NH3) excludes both 53 
PGM and H2 as negative factors. In those rapidly emerging studies since 2020, various PGMs are 54 

used on the electrode (Li et al., 2020; Lim et al., 2021; Chen et al., 2022), and the electrochemical 55 
systems also produce H2 as an undesirable byproduct. Thus, the dramatic shift of research interest 56 
triggers curiosities, such as (i) what has been achieved and (ii) why the direction is now considered 57 
obsolete. Moreover, young researchers are more interested in (i) what knowledge gaps need to be 58 

filled, (ii) what misconceptions and pitfalls need to be avoided, and (iii) what new opportunities 59 
are in this “mistakenly abandoned” direction. 60 

This perspective paper will first provide a brief review of oxyanion reduction catalyst 61 
development, then discuss the lessons learned and knowledge gaps identified. It highlights past 62 

advances (in terms of overcoming technical challenges rather than generating “academic hotspots”) 63 
and proposes new research opportunities. The discussion focuses on PGM catalysts using H2 as 64 
the electron source. Although the electrochemical/electrocatalytic reduction systems are not in the 65 

scope of this paper, the two approaches have close similarities in design rationales and working 66 
mechanisms (Werth et al., 2020). References are cited to support the authors’ perspectives. 67 

Readers can find excellent comprehensive literature reviews of this field in the references (Chaplin 68 
et al., 2012; Yin et al., 2018; Heck et al., 2019).  69 

2. Case Studies of Advances in Reductive Catalysis  70 

2.1 Nitrate Reduction Catalysts Toward Dinitrogen (N2) 71 

The reduction of NO3
− was the original motivation for developing oxyanion reduction 72 

catalysts. This case study shows the rapid development of various aspects of a catalytic system. In 73 
stark comparison, 30 years later, the pace of catalyst innovation has been substantially slower. This 74 

phenomenon is worth reflection among the environmental catalysis research community.  75 

 76 

Fig.2. Major catalysts for nitrate reduction. 77 
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The first report (Vorlop and Tacke, 1989) initiated the development of PGM catalysts to 78 
reduce NO2

− and NO3
−. It explicitly pointed out that although NO3

− in drinking water can be 79 
removed by ion exchange, electrodialysis, and reverse osmosis, the concentrated oxyanions 80 
required degradation treatment for disposal. It also noted the rapid catalytic treatment of NO3

− 81 

compared to microbial reactors. The earliest report confirmed the activity of both Pd/Al2O3 and 82 
Pt/Al2O3 for NO2

− reduction. Doping various secondary metals such as copper (Cu), nickel (Ni), 83 
chromium (Cr), cobalt (Co), and iron (Fe) to Pd/Al2O3 enabled NO3

− reduction (Fig.2). While most 84 
secondary metals converted NO3

− into NH3, Cu allowed a faster rate of NO3
− reduction and a lower 85 

selectivity toward the toxic NH3. In the following report (Vorlop et al., 1992), the product 86 

selectivity (i.e., N2 versus NH3) was attributed to metal content, support materials, and solution 87 
pH. This work also identified tin (Sn) as another secondary metal for NO3

− reduction. In the third 88 
report (Tacke and Vorlop, 1993), the Cu−Pd/Al2O3 catalyst powder was further encapsulated in 89 
alginate beads. A fluidized pilot reactor was operated for 100 days without catalyst deactivation. 90 

Detailed experimental data mentioned in the above reports in German were compiled in another 91 
paper in English (Hörold et al., 1993), which was often considered the “first report” of catalytic 92 

NO2
− and NO3

− reduction. In 1997, Prüsse, Hörold, and Vorlop (Prüsse et al., 1997) identified 93 
indium (In) as an even better option than Cu and Sn for both NO3

− reduction kinetics and product 94 

selectivity toward N2. Systematic investigations of In−Pd, Sn−Pd, and Cu−Pd were reported in 95 
2000 (Prüsse et al., 2000) and 2001 (Prüsse and Vorlop, 2001).  96 

The studies of various aspects by Vorlop and colleagues built the framework for oxyanion 97 

reduction catalyst development in the following three decades: (i) the use of Pd as the primary 98 
choice of metal, (ii) the integration with a second metal to enable the reaction with challenging 99 

substrates, (iii) product selectivity (i.e., pathway control) and the influencing factors, and (iv) 100 
catalyst longevity and robustness. Around 400 papers have cited each of those publications 101 
(Hörold et al., 1993; Prüsse et al., 2000; Prüsse and Vorlop, 2001). The three bimetallic 102 

formulations also dominated the following research on NO3
− reduction toward N2. A quick search 103 

of the most recent publications between 2016 and 2022 found meticulous advanced studies. 104 
Examples include spectroscopic characterization and theoretical simulations of In−Pd 105 
nanostructures (Guo et al., 2018), boosting the reaction kinetics and deactivation resistance of 106 

In−Pd by gold (Au) (Guo et al., 2022), immobilization of In−Pd onto sustainable and scalable 107 
natural fibers (Durkin et al., 2018), immobilization of Sn−Pd onto red mud (Hamid et al., 2018) 108 

and coal fly-ash-derived zeolites (Park et al., 2019). Notably, the electrochemical NO3
− reduction 109 

toward N2 also adopted similar design rationales. For example, Sn−Pd was electrochemically 110 

deposited on stainless steel mesh (Su et al., 2020); the Cu−Pd was directly used as a suspension in 111 
an electrochemical chamber (Zhang et al., 2016; Chen et al., 2019). 112 

In short, the development of nitrate reduction catalysts had rapid growth at the beginning. 113 
The first report had already included various aspects that could be covered by multiple research 114 

articles as of today. The Cu−Pd, Sn−Pd, and In−Pd formulations were first reported in 1989, 1992, 115 
and 1997, respectively. After that, the following studies have significantly improved the catalyst 116 
formulation and mechanistic understanding of the three formulations instead of identifying new 117 

metal species. 118 

2.2 Nitrate Reduction Catalysts Toward Ammonia (NH3) 119 

The original studies aimed to convert NO3
− and NO2

− into N2 rather than into the toxic NH3 120 
(Vorlop and Tacke, 1989). Both the Drinking Water Ordinance of Germany in 1989 (Vorlop and 121 
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Tacke, 1989) and the new Standards for Drinking Water Quality issued by the Ministry of 122 
Environmental Protection of China in 2022 (Standardization Administration of China, 2022) set 123 
the limit for NH3 at 0.5 mg/L. NH3 in source waters is a highly challenging pollutant (Ye et al., 124 
2022). However, in 2020, the goal of electrochemical conversion of NO3

− suddenly switched from 125 

N2 to NH3 because the latter is reconsidered as a value-added product. This switch is more or less 126 
astounding because it reversed the efforts made in the past three decades (1989−2019) when the 127 
production of NH3 was considered a failure of catalyst development.  128 

The discussion of the environmental significance of producing N2 versus NH3 is not in the 129 
scope of this perspective. However, the metal-dependent functionality is noteworthy. The initial 130 

selection of Pd as the primary PGM was from a single test during the original exploration (Hörold 131 
et al., 1993). Five metals, Pd, Pt, Ru, Ir, and Rh, on Al2O3 support were screened by NH3 132 
production from NO2

−. Pd/Al2O3 showed a distinctly low NH3 production, so it was further used 133 

to prepare bimetallic catalysts for NO3
− reduction. Interestingly, most subsequent studies on the 134 

reduction of NO3
− and other pollutants kept using Pd as the sole PGM for more than two decades. 135 

This situation motivated us to re-examine the five PGMs (Os is highly toxic and unsuitable for 136 

water treatment) on carbon and Al2O3 supports (Chen et al., 2017). To our surprise, both Ru/C and 137 
Ru/Al2O3 showed high activity of NO3

− reduction without using any secondary metal. The 138 

following study further confirmed nearly 100% selectivity to NH3 by Ru catalysts (Fig.2) (Huo et 139 
al., 2017; Kong et al., 2022). Notably, Ru is also used in recent electrochemical systems for NH3 140 
synthesis from NO3

− (Li et al., 2020; Chen et al., 2022). Because electrochemical methods do not 141 

require a PGM to extract electrons from H2, many other electrode materials only contained the 142 
first-row transition metals such as Fe, Co, Ni, and Cu (Chen et al., 2020; Wang et al., 2020; Wu et 143 

al., 2021; He et al., 2022; Li et al., 2022), which are consistent with the initial findings (Vorlop 144 
and Tacke, 1989; Hörold et al., 1993). 145 

 In short, the switch of PGM metal (e.g., from Pd to Ru) and the secondary metal (e.g., 146 

from In/Sn/Cu to Fe/Co/Ni) can dramatically switch the reaction pathway from yielding >70% N2 147 

to ~100% NH3. Despite the emerging confusion about the product preference, the two upsurges of 148 
NO3

− reduction technology in the early 1990s and the early 2020s clearly suggest abundant 149 
opportunities for catalyst innovation, including the reactivity, pathway, and functionality, from a 150 

rational selection of PGMs and the secondary metals.       151 

2.3 Chlorate and Perchlorate Reduction Catalysts 152 

The 2022 new Standards for Drinking Water Quality of China set the concentrations of 153 
BrO3

−, ClO3
−, and ClO4

− at 0.01, 0.7, and 0.07 mg/L, respectively (Standardization Administration 154 
of China, 2022). BrO3

− is a carcinogen and can be generated from Br− under natural and engineered 155 
oxidation (Chen et al., 2017; Gao et al., 2021). ClO3

− is a common toxic byproduct of chlorine 156 

disinfection or electrochemical oxidation (Ren et al., 2020). ClO4
− is an endocrine-disrupting 157 

pollutant from energetic materials. Beyond the Earth, it is also a rich component in the Martian 158 

soil (Ren et al., 2021a). Detailed literature for the background information of these anion pollutants 159 
can be found in the cited research reports. Using Pd and Cu−Pd catalysts to reduce BrO3

− and 160 
ClO3

− can be traced back to a patent filed in 1994 (Becker et al., 1998). Among the three oxyanions, 161 
BrO3

− is the most labile substrate and can be rapidly reduced by various Pd-only catalysts reported 162 
since 2010 (Chen et al., 2010; Wang et al., 2014; Cerrillo et al., 2021; Gao et al., 2021). In 163 
comparison, ClO3

− is much more recalcitrant than BrO3
−. While the chloralkali process has 164 

developed Rh (Van Santen) and Ir (Kuznetsova et al., 2012) catalysts to reduce ClO3
−, which is an 165 
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undesirable byproduct in the concentrated brine, academia seldom worked on ClO3
− reduction. 166 

The limited attempts confirmed the challenge of ClO3
− to Pd-only catalysts (Liu et al., 2015a; Ye 167 

et al., 2018).  168 

 169 

Fig.3. Major catalysts for bromate, chlorate, and perchlorate reduction. 170 

Again, the enhanced degradation of recalcitrant oxyanions could be achieved by 171 
introducing specific metal species (Fig.3). For example, we recently found that the immobilization 172 
of molybdenum (Mo) into Pd/C accelerated ClO3

− reduction by 55 times (Ren et al., 2020). The 173 

source of Mo is the common fertilizer, sodium molybdate (Na2MoO4) or ammonium molybdate 174 
[(NH4)6Mo7O24]. Under the reducing condition of Pd+H2 at room temperature, the MoVI precursor 175 

is reduced to a mixture of MoII, MoIII, MoIV, and MoV oxides. At pH 3.0, the MoOx−Pd/C catalyst 176 
showed comparable activity to the much more expensive Rh catalysts. A more attractive feature 177 

of MoOx−Pd/C is the much higher resistance to concentrated salts (e.g., SO4
2− and Cl− at mol/L 178 

levels) than Rh. Interestingly, tungsten (W) in similar mineral compositions, such as sodium 179 

tungstate (Na2WO4 and Na6W12O39), showed no activity enhancement. 180 

As for the most recalcitrant ClO4
−, the activity of MoOx−Pd/C catalyst was too low to 181 

provide a satisfying reaction rate. Before we added organic ligands to enhance the ClO4
− reduction 182 

by MoOx−Pd/C (see below) (Ren et al., 2021a), the technical solution had been dominated by 183 
rhenium (Re)-based ReOx−Pd catalysts since 2007 (Hurley and Shapley, 2007). The reductive 184 

immobilization of perrhenate salts (e.g., KReO4) in Pd/C yield a mixture of ReI, ReIII, and ReV 185 
oxides (Choe et al., 2010; Choe et al., 2014). At room temperature, the reduced Re species can 186 
directly reduce ClO4

−.  187 

Using oxometallate species of Group 6 (Mo (Kolthoff, 1921; Haight Jr and Sager, 1952) 188 
and W (Haight Jr, 1954)), Group 7 (Re) (Abu-Omar and Espenson, 1995), and Group 8 (Os 189 
(Crowell et al., 1940)) metals to reduce ClO3

− and ClO4
− can be traced back to as early as 1921. 190 

However, the early systems required concentrated acids (e.g., 1−10 M HCl or H2SO4) and toxic 191 

reducing agents (e.g., HBr, SnCl2, and H3PO2). Water treatment engineering requires knowledge 192 
transfer from those theoretical studies in homogenous solutions to the heterogeneous catalytic 193 
systems using H2 as the clean reductant (Fig.4). But as summarized above, common WVI 194 
oxometallate salts did not work with the Pd/C+H2 platform. We also excluded osmate (OsO4

2−) as 195 
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a candidate due to the high cost and high toxicity of Os and the limited activity observed in our 196 
preliminary tests with OsOx−Pd/C. On the Pd/C+H2 platform, reduced oxophilic metal species 197 
(e.g., ReV, MoIV) trigger the stepwise reduction of ClO4

− via a new mechanism, oxygen atom 198 
transfer (OAT) (Holm, 1987): 199 

 ClO4
− + ReV / MoIV → ClO3

− + ReVIIO / MoVIO (3) 200 

Although ClO3
− and ClOx

− products can be directly reduced by PGM+H2, the reduction of ClO4
− 201 

requires the OAT mechanism and is usually the rate-limiting step. The primary role of PGM+H2 202 
is to reduce the oxidized OAT metal back to the reduced state, thus forming the catalytic cycle: 203 

ReVIIO / MoVIO + H2 → ReV / MoIV + H2O  (4) 204 

 205 

Fig.4. Catalytic systems for perchlorate reduction and the proposed or determined structures of 206 
organic ligand-coordinated ReV and MoIV metal sites on the carbon surface. 207 

Before the ligand enhancement was systematically studied, the original ReOx−Pd catalyst was 208 
directly applied to treat the waste brine from the regeneration of ion-exchange resins (Liu et al., 209 
2013). For practical application of pollutant degradation technologies, rapid removal of oxyanions 210 
from contaminated drinking water by ion exchange is always necessary. The resin regeneration 211 
typically uses concentrated NaCl to liberate ClO4

− and NO3
− from the resin capture sites (e.g., 212 

−NR3
+ functional groups). Therefore, concentrated ClO4

− and NO3
− need to be degraded in the 213 

presence of concentrated Cl− and SO4
2− (also captured from the groundwater). In general, one 214 

would expect the metal catalysts to be more or less inhibited by concentrated salts, but ClO4
− 215 
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reduction by ReOx−Pd/C was surprisingly enhanced by concentrated NaCl (Liu et al., 2013). A 216 
probable explanation is the enhanced activity of H+ (i.e., {H+}>[H+], activity coefficient γ>1) in 217 
the presence of concentrated salts. Because each dissolved Na+ and Cl− are theoretically solvated 218 
by six and two H2O molecules, respectively, the dissolution of >1 M NaCl would significantly 219 

reduce the H2O molecules available for H+ solvation. As ClO4
− reduction is assisted by H+ (an 220 

acidic pH such as 3.0 is usually required), the enhanced activity of H+ due to reduced solvation 221 
might accelerate the reaction. A systematic discussion of the higher {H+} in concentrated salt 222 
solutions can be found in the supporting file of the report (Liu et al., 2013).  223 

Interestingly, although ReOx−Pd/C could also rapidly reduce NO3
− (NH3 was the primary 224 

product), the activity for ClO4
− reduction was shut down by the NO3

− co-contaminant. To solve 225 
this challenge, we added In−Pd/Al2O3 to reduce NO3

− before using ReOx−Pd/C to reduce ClO4
−. 226 

This sequential process design successfully avoided ReOx−Pd/C deactivation by NO3
−. 227 

In short, integrating a functional metal can help the PGM catalyst reduce challenging 228 
oxyanions. The addition of an oxometallate precursor of Group 6−8 metals utilizes the new OAT 229 
mechanism. The bimetallic system has the following advantages. First, the incorporation of the 230 

OAT metal is realized by an in situ reduction of the common mineral salt. Second, the substantial 231 
activity enhancement saves PGM while ensuring the same catalytic activity. Third, the rate-232 

limiting reaction at the OAT metal site is not severely inhibited (e.g., MoOx−Pd/C) or even 233 
accelerated (e.g., ReOx−Pd/C) by concentrated salts.        234 

2.4. Ligand-Enhanced Perchlorate Reduction 235 

Although ReOx−Pd/C showed unique ClO4
− reduction activity as a heterogeneous catalyst, 236 

the reaction rate was still much lower than that of BrO3
− reduction by Pd-only catalysts or ClO3

− 237 

reduction by MoOx−Pd/C. In general, the catalyst activity can be estimated by the following 238 

primary parameters: half-life of the oxyanion reduction (min or h), initial concentration of the 239 

oxyanion (mM), catalyst loading (g/L), and metal content in the catalyst (wt%). Although the 240 
rigorous approach is to calculate the initial turnover frequency (TOF0, Fig.4) by considering the 241 

number of available metal atoms at the catalyst surface, the comparison of those kinetic parameters 242 
provides a quick estimation. The comparison is often fair because (i) the catalyst developers are 243 
responsible for maximizing the utilization of PGM, and (ii) many studies did not provide metal 244 
dispersion data to calculate TOF0. For the reduction of 1 mM ClO4

−, the use of 2.0 g/L of 245 

ReOx−Pd/C (5 wt% Re, 5 wt% Pd) showed a half-life between 2.5 and 6 h, depending on the batch 246 
of commercial Pd/C (Liu et al., 2013). In comparison, for the reduction of 1 mM ClO3

−, the use of 247 
0.2 g/L of MoOx−Pd/C (5 wt% Mo and 5 wt% Pd) showed a half-life of <10 min (Liu et al., 2013). 248 
Apparently, the ClO4

− reduction activity on the catalyst surface had great room for improvement.  249 

Ligand-enhanced catalysis was motivated by the comparison with a molecular 250 

Re(O)(hoz)2Cl complex (Fig.4), which contains one oxo ligand, one chloro ligand, and two N,O-251 
bidentate ligands [LO−N, hoz = 2-(2’-hydroxyphenyl)-2-oxazoline)] (Abu-Omar et al., 2000). This 252 

complex showed rapid ClO4
− reduction in a homogeneous system, where acetonitrile was the 253 

solvent and dimethylsulfide was the oxygen acceptor: 254 

ClOx
− + [ReV(O)(hoz)2]

+  → ClOx−1
− + [ReVII(O)2(hoz)2]

+ (5) 255 

[ReVII(O)2(hoz)2]
+ + (CH3)2S  →  [ReV(O)(hoz)2]

+  + (CH3)2S=O (6) 256 
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The immobilization of the Re(O)(hoz)2Cl complex onto Pd/C achieved rapid ClO4
− 257 

reduction by H2. Using the same metrics of comparison, 0.5 g/L of Re(O)(hoz)2−Pd/C (5 wt% Re 258 
and 5 wt% Pd) shortened the half-life of 1 mM ClO4

− to ~15 min. Therefore, in comparison to 259 
ReOx−Pd/C, the use of ¼ of the catalyst loading and >10x faster reaction suggest a >40x activity 260 

enhancement by the coordination of Re with two hoz ligands. The design rationale, mechanistic 261 
elucidation, and stability improvement of the Re(O)(LO−N)2−Pd/C catalyst family (Zhang et al., 262 
2011; Liu et al., 2015a; Liu et al., 2015b; Liu et al., 2016a; Liu et al., 2016b; Liu et al., 2017; Ren 263 
and Liu, 2021) are not in the scope of this paper. The concise point is that tuning the ligand 264 
structure could bring in substantial enhancement of the catalyst activity and stability at the scale 265 

of 1−2 orders of magnitude. The ligand effect is much more pronounced than other approaches for 266 
catalyst development, such as changing the catalyst support material. 267 

Although the Re(O)(hoz)2Cl complex is air-stable and can be immobilized onto Pd/C by 268 

adsorption, its multi-step synthesis from KReO4 and irreversible decomposition affected the 269 
potential application. Therefore, the in situ formation of active Re sites from the KReO4 precursor 270 
and free organic ligand is an alternative route. The direct addition of hoz ligand (hoz : Re = 2:1) 271 

into ReOx−Pd/C achieved merely 4x faster ClO4
− reduction kinetics, but the addition of the 272 

monodentate pyridine ligands (e.g., 4-dimethylaminopyridine) (Hurley et al., 2009) showed even 273 

better results (up to 12x) (Liu et al., 2015b). It appeared that ligand selection is the key factor for 274 
activity enhancement.  275 

A similar attempt on the MoOx−Pd/C catalyst resulted in a major breakthrough. Without 276 

the addition of organic ligands, the catalyst showed literally no activity by reducing <4% of 1 mM 277 
ClO4

− at a loading of 2.0 g/L after 8 h. However, various N,N-bidentate ligands significantly 278 

accelerated the reaction (Ren et al., 2021a). The best ligand was 4,4’-diamino-2,2’-bypyridine 279 
[(NH2)2bpy] (Fig.4). With the addition of (NH2)2bpy : Na2MoO4 at 1:1, the 280 
[(NH2)2bpy]MoOx−Pd/C catalyst at 0.2 g/L loading shortened the half-life of 1 mM ClO4

− to ~15 281 

min. The coordination of the (NH2)2bpy ligand with the MoIV site thus led to a >6,200x 282 

enhancement of the reactivity with ClO4
−. Interestingly, in the case of Mo catalysts, monodentate 283 

pyridine ligands resulted in very limited enhancement. The ligand adaptability for MoOx−Pd/C 284 
and ReOx−Pd/C showed opposite trends for monodentate N versus bidentate N−N ligands. 285 

Currently, the selection of organic ligands for ClO4
− reduction catalysts is still empirical rather 286 

than rational. This is understandable as most research resources have been spent on other directions, 287 

such as the synthesis of nanostructured metal particles and support materials (Chaplin et al., 2012; 288 
Yin et al., 2018; Heck et al., 2019), rather than the molecular design of coordinated metals.   289 

The [(NH2)2bpy]MoOx−Pd/C catalyst was further evaluated under a series of harsh 290 
conditions (Fig.5) that simulated real waste brine treatment applications, where (1) concentrated 291 
salts (e.g., Cl−, SO4

2−, NO3
−) and natural organic matters (NOM) are present, (2) the catalyst is 292 

under extended exposure to H2, (3) the catalyst is under excessive oxidative stress by concentrated 293 

ClO4
− in brine and O2 during the handling in air (Ren et al., 2022). Similar to the ReOx−Pd/C 294 

catalyst, the [(NH2)2bpy]MoOx−Pd/C was deactivated by NO3
− but the use of In−Pd/Al2O3 to 295 

reduce NO3
− could solve the issue. This phenomenon broke our initial expectation because (1) 296 

nitrate was considered more labile than perchlorate to reduce, and (2) common nitrogen products 297 
such as NO, N2O, or NH3 were not expected to inhibit either Re or Mo catalysts. Such an 298 
interesting issue in selectivity and inhibition indicated our shallow understanding of coordination 299 
chemistry and great scientific promise for future studies. The [(NH2)2bpy]MoOx−Pd/C showed 300 
high stability against multiple spikes of 100 mM ClO4

−, air exposure, and up to 50 mg/L of humic 301 
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acid. Although the prolonged ligand hydrogenation lowered the activity by 90% after three weeks, 302 
a simple pH adjustment to 12.0 could remove all Mo species. The Pd/C could thus be reused with 303 
a new batch of Mo and (NH2)2bpy ligand. The [(NH2)2bpy]MoOx−Pd/C appears to be competent 304 
for practical applications.   305 

 306 

Fig.5. Examples of robustness tests of the [(NH2)2bpy]MoOx−Pd/C catalyst: continuous treatment 307 

of highly concentrated ClO4
−; long-term exposure to H2; and Pd/C reuse after the deactivation of 308 

Mo species. The data have been reported in ref. (Ren et al., 2022) and shown here with modified 309 

displays. 310 

In short, coordinating selected organic ligands with the OAT metal (e.g., Mo and Re) 311 
substantially enhanced activity, more than three orders of magnitude, for reducing the most 312 

recalcitrant ClO4
−. The above examples showcase the importance of (1) utilizing alternative 313 

reaction mechanisms by new metal elements and (2) harnessing the power of coordination 314 

chemistry to advance environmental catalysis. These two directions are much less explored 315 
compared to the tuning of nanostructured particles and supports of Pd-only catalysts.  316 

A common feedback on adding organic ligands to accelerate the reaction is that the catalyst 317 
becomes more complicated than the ligand-free (or “totally inorganic”) system. To divert such 318 

concerns, we can compare it with the natural systems, which fully rely on various organic-metal 319 
complexes in enzymes to degrade pollutants. However, it is also worth comparing the usually 320 
neglected but substantial “organic footprint” from the preparation of “inorganic” nanostructures. 321 

For example, the synthesis of PGM nanocrystals and nanostructured supports consumed organic 322 
polymers (e.g., polyvinylpyrrolidone and poloxamers) and organic solvents (e.g., ethanol and 323 
tetrahydrofuran). The nitrogen doping on the support material uses urea, melamine, etc. The 324 
functionalization of inorganic oxides used 3-aminopropyltriethoxysilane and so on. The formation 325 

of ordered pore structures required surfactant templates such as cetyltrimethylammonium bromide, 326 
which was later burnt in oven or washed away by organic solvents. The synthesis of inorganic 327 
oxides started from organic reagents such as tetraethyl silicate and tetrabutyl titanate. Even the 328 

single-atom catalytic sites could use organometallic complexes as the precursor. While citations 329 
are not included here, the readers can readily find a handful of reports with detailed information. 330 
After comparison, the advantage of the ligand-enhanced catalysis would be overwhelming in terms 331 
of simplicity and performance, all attributed to the amazing power of coordination chemistry.              332 
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2.5 Lowering Technical Barriers for Catalyst Development  333 

Despite the evolution of catalyst formulations and functionalities, a frequently encountered 334 
challenge is the cost of PGM. In a majority of reports, the Pd content was 5 wt%. While 5 wt% Pd 335 
on carbon, alumina, and silica supports are commercially available, the reason for this specific 336 
value and the suitability for water pollutant treatment is unknown. However, as most supported Pd 337 
catalysts were prepared by multi-step protocols that usually involve drying, calcination, and 338 

reduction with heated H2 flow in specialized ovens and furnaces, the effect of Pd content was not 339 
investigated in fine detail. We recently developed an “instant” all-in-situ preparation method to 340 
prepare supported Pd catalysts with any metal content (Gao et al., 2021). The working principle 341 
was the high reactivity of PdII species with H2. In both the aqueous phase and pure solid, Na2PdIICl4 342 
can be rapidly reduced to Pd0 by 1 atm H2. Therefore, after near-complete adsorption of PdII from 343 

water onto the porous carbon support within 5 min, the following exposure to 1 atm H2 at room 344 

temperature for another 5 min yielded Pd0/C (Fig.6). 345 

 346 

Fig.6. Facile preparation of Pd/C catalysts and the scanning transmission electron microscopy 347 
(STEM) imagings of 5 wt% Pd/C and 0.5 wt% Pd/C. The two images are reproduced from ref. 348 

(Gao et al., 2021) with permission. Note that some large Pd particles are present with the expected 349 

small ones. This is a common phenomenon (but often not shown in literature for a “good size 350 
control”) and similar to the commercial Pd/C catalyst (see Fig.7).  351 

Microscopic characterization and kinetic testing using BrO3
−, ClO3

− (by Pd/C and 352 

MoOx−Pd/C) and ClO4
− (by ReOx−Pd/C) found no significant difference between the prepared 353 

Pd/C and commercial Pd/C. This new and convenient approach allowed wide screening of Pd 354 

contents from 0.1 wt% to 10 wt% on the same support material. The result was surprising because 355 
the optimal Pd content on the carbon support seemed to be around 0.5 wt%, just 1/10 of the 356 
prevalently used 5 wt%. Although the reaction rate by 0.5 wt% Pd/C was lower than 5 wt% Pd/C, 357 
the decrease in reaction rate was not in proportion to the decrease in Pd content. In other words, at 358 

higher Pd contents, more Pd atoms do not participate in the catalysis. With the same solid catalyst 359 
loading, the activity of 0.5 wt% Pd/C was about half of that of 5 wt% Pd/C. Therefore, by doubling 360 

the catalyst loading, the catalytic activity remained the same while saving 80% of Pd. This simple 361 
optimization of Pd content is equivalent to increasing the catalyst activity by four times (Gao et 362 
al., 2021). Our ongoing studies have found that multiple catalyst formulations (for both PGM and 363 
OAT metals) can be further lowered from the arbitrary 5 wt%.   364 

It is worth mentioning again that MoOx−Pd/C, ReOx−Pd/C, and [(NH2)2bpy]MoOx−Pd/C 365 

were all prepared by directly adding the components (Na2MoO4, KReO4, and free (NH2)2bpy 366 
ligand)  into Pd/C suspension (Fig.7) (Choe et al., 2010; Ren et al., 2020; Ren et al., 2021a). Under 367 
1 atm H2 and room temperature, the catalytic species were assembled spontaneously from these 368 
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precursors. In other words, one can rapidly prepare the catalysts from scratch− a porous material 369 
(e.g., carbon, alumina, silica, etc.), a PGM precursor (e.g., Na2PdCl4), an OAT metal precursor 370 
(e.g., Na2MoO4, KReO4), and an organic ligand enhancer, without any heating equipment or 371 
specialized synthesis technique. The simplicity and reproducibility are based on the use of 372 

dissolved molecular components, while the variance of performance would be primarily attributed 373 
to the heterogeneous support material.  374 

 375 

Fig.7. Facile preparation of the [(NH2)2bpy]MoOx−Pd/C catalyst and STEM−energy dispersive X-376 

ray (EDX) elemental mapping of a ~10 μm sized catalyst particle. Note that the Pd particles shown 377 
here in a commercial 5 wt% Pd/C have a wide size distribution. But this Pd/C showed very similar 378 

catalytic performance as the 5 wt% Pd/C prepared by the all-in-situ method in Fig.6. 379 

3. Perspectives for Catalyst Development Research 380 

3.1 Lessons Learned from Early Efforts 381 

While the five case studies above illustrate the core missions of catalyst development− new 382 

functionality, high activity, high stability, and low cost, there have been many other constructive 383 
efforts of catalyst development. This perspective cannot summarize all such works, but it is 384 
essential to also discuss some directions we feel are not the priority of catalyst development. To 385 

be accurate and fair, we use our own studies as examples:  386 

1. Systematic study of performance loss of a catalyst that is still under development. 387 
Evaluating the loss of performance is crucial for applications. However, this downstream effort is 388 
meaningful only when the catalyst has been adequately developed and researchers are confident 389 

to move forward to the application aspects. Suppose a catalyst in the initial development phase 390 
holds various intrinsic limitations. In that case, priority should be given to better catalyst design 391 
that can overcome such limitations rather than a comprehensive measurement of how the original 392 
catalyst fails. For example, the first Re(O)(hoz)2−Pd/C catalyst tended to irreversibly decompose 393 
into ReO4

− and two free hoz ligands (Liu et al., 2015b). After the general decomposition 394 

mechanism was found, a viable solution was to modify the ligand structure to improve stability 395 
(Liu et al., 2016a; Ren and Liu, 2021) rather than meticulously measure the effects of water 396 
matrices (e.g., 10 mM of Cl−, Br−, I−, SO4

2−, H2PO4
−; Na+, K+, Ca2+, Mg2+, Mn2+, Fe2+; pH 2,3,4,5,6; 397 

[ClO4
−]0 = 0.01, 0.1, 1, 10 mM; etc.) to the original catalyst (Liu et al., 2015a). For comparison, 398 
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after the [(NH2)2bpy]MoOx−Pd/C was developed, our evaluation of its application potential used 399 
a much more challenging and realistic set of metrics (concentrated salts, five spikes of 100 mM 400 
ClO4

−, air exposure, etc.) in greater motivation and confidence (Fig.5) (Ren et al., 2022). After we 401 
became more encouraged to challenge the catalysts with extreme conditions, we also found that 402 

the Pd/C catalyst was not inhibited by 2 M Cl− or 1 M SO4
2− for BrO3

− reduction at pH 7 (Gao et 403 
al., 2021).  404 

2. Anti-fouling catalyst designs. Although sulfide and NOM are known fouling 405 
species to PGM catalysts (Chaplin et al., 2012), there are instant methods to remove them. Sulfide 406 
can be rapidly oxidized into inert SO4

2− using hydrogen peroxide, sodium/calcium hypochlorite, 407 

and ferrous/ferric salts (Gao et al., 2021). NOM can be readily removed by coagulation. It is 408 
important to point out that the catalytic process is less likely to be integrated into the drinking 409 
water treatment process. Hence, a long exposure to trace sulfide and NOM in flowing drinking 410 

water seems not a realistic scenario. Instead, treating the concentrated oxyanions after ion-411 
exchange resin regeneration would be important. Therefore, using common oxidants or coagulants 412 
to prevent catalyst fouling, rather than cleaning fouled catalysts with oxidants or alkaline 413 

chemicals, is a more realistic strategy for the application. The use of reverse osmosis membranes 414 
requires various pre- and post-treatment modules (e.g., microfiltration, chlorination, 415 

dechlorination, pH adjustments, etc.). Therefore, additional treatment steps to protect the central 416 
process is a well-established approach. The PGM catalyst is not designed as an independent 417 
technology to stand all water matrix challenges. Even if the catalyst is severely fouled by 418 

unexpected species, the PGM can be recycled by established chemical extraction protocols 419 
(Fontana et al., 2018; Nogueira et al., 2019; Fotouhi-Far et al., 2021).  420 

3. Use of novel support materials for known metal species. There have been numerous 421 
studies on using various novel materials to support Pd nanoparticles for the reduction of BrO3

− and 422 
chlorinated organics. In particular, novel electronic properties demonstrated in other disciplines 423 

(e.g., graphene for electronic devices) were hypothesized to enhance the supported Pd catalysts. 424 

However, there has been no significant activity improvement by such effort yet. This is not 425 
surprising because the interaction between PGM particles and the support material is not well 426 
understood. A systematic comparison of conventional support materials (e.g., carbon and alumina 427 

for different Pd precursors) has been conducted very recently (Cerrillo et al., 2021). How the 428 
support can impact the interaction between the PGM particles and pollutant molecules is not well 429 

elucidated, either. Although no arbitrary recommendation could be made for this direction, most 430 
published data have suggested that the benefits of changing the support material are far less 431 

pronounced than altering the metal speciation and reaction pathway. We prepared a “hierarchal” 432 
nanostructure, where Pd nanocrystals were immobilized outside an amino-functionalized silica 433 
sphere and then encapsulated by a mesoporous silica (mSiO2) layer (Wang et al., 2014). 434 
Surprisingly, the BrO3

− reduction activity of the mSiO2-coated catalyst was >10x higher than the 435 

exposed Pd catalyst. The substantial enhancement was explained by Langmuir-Hinshelwood 436 
kinetic model. Probably, this finding may also be attributed to the recently introduced 437 
“nanoconfinement” effect. However, even with the mSiO2 coating, the BrO3

− reduction activity 438 

was only 1/40 of a commercial Pd/C (Chen et al., 2017). The explorations of novel support 439 
materials may reveal novel insights, but they are not closely relevant to practical application. The 440 
further point is that if the practical application is not the goal, the research should focus on the 441 
structure-activity relationship. Under such circumstances, the “application evaluation” under 442 
hypothesized scenarios (i.e., water matrix effects as requested by most environmental technology 443 
journals) is unnecessary. 444 
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In short, the three aspects above are not the technical priority of catalyst development. 445 
Similar thinking logic may be applied to other research topics beyond this paper.  446 

3.2 Clarifications of Some Misconceptions 447 

There have been a series of technical points that may need clarification to enhance the 448 
researcher’s interest or confidence in developing catalytic treatment systems. Representative ones 449 
are addressed below:  450 

1. Hydrogen gas consumption. In many research reports, a rapid H2 flow rate of 0.1 451 
or 0.2 L/min was used in a ≤200 mL solution containing ≤1 mM pollutant. However, such a 452 
vigorous H2 supply was not required by the reaction kinetics. In many cases, this value was adapted 453 
simply because the lowest reading on the standard gas flowmeter is 0.1 L/min. This setting not 454 
only wasted H2 gas but also blew away the water. The solution volume might be reduced to a 455 

significant extent, adversely concentrating the pollutant. Although the H2 mass transfer is a 456 
limiting factor in high-volume systems, for batch reactions less than 200 mL, it is only needed to 457 

maintain a positive pressure of H2 to prevent air backflow. This condition is achieved by allowing 458 
one H2 bubble from the gas supply needle tip every 1−2 seconds. An H2 balloon attached to the 459 

reactor is also a common approach to maintain the positive reactor pressure (Wu et al., 2012). In 460 
short, for small-volume reactions, a vigorous H2 flow is not necessary. The concern about using 461 

an H2 gas cylinder may be addressed by using an H2 generator. Nevertheless, H2 and other 462 
flammable hydrocarbon gases have been commonly used in microbial reactors for reductive 463 
pollutant degradation (Chung et al., 2007; Zhao et al., 2011; Lai et al., 2021), whereas the 464 

heterogeneous catalysis design has been frequently challenged by H2 safety concerns. While 465 
ventilation is essential, using N2-H2 mixed gas can be an additional measure to reduce the safety 466 

risk further.  467 

2. PGM loss from the catalyst. There have seldom been bench-scale studies reporting 468 

Pd leaching at room temperature. In most reports, the dissolved Pd was below the detection limit. 469 
Although significant PGM leaching may be possible from long-term applications, the lack of 470 

leaching during the short-term tests indicates the promise of short-term application (i.e., hours to 471 
days). Such a scenario is possible because the treatment of ion-exchange regeneration waste is an 472 
intermittent operation. However, it is essential to note that concentrated ligands (organics, chloride 473 
anion, etc.) can promote the dissolution of PdII upon oxidation of Pd0 particles. Pd leaching from 474 

heterogeneous catalysts during organic catalysis has been well documented (Webb et al., 2007), 475 
but those applications typically involve concentrated organics, oxidative mechanisms, and 476 
elevated temperatures. Because the application of PGM catalysts for water treatment is still far 477 
from mature, the knowledge regarding metal leaching under practical applications is still lacking. 478 
Nevertheless, the use of oxidants to clean the “sulfide-fouled” Pd catalyst is not recommended due 479 

to the potential oxidative dissolution of metal nanoparticles (Howe and Mercer, 1925; Clem and 480 

Huffman, 1968).  481 

3. High cost of PGM. A very common criticism for applying PGM catalysts is the 482 
high price of metals. This viewpoint must be addressed by the reality that most chemical treatment 483 
processes are not for integration into large-scale drinking water treatment trains. Thus, exposing 484 
PGM catalysts to giant volumes of drinking water flow is not a realistic scenario.  Modern ion-485 
exchange resins have high selectivity toward ClO4

−. After several months, the resins can be 486 
regenerated by as small as one bed volume of the regeneration solution (Gu et al., 2007). Therefore, 487 
the waste brines with concentrated ClO4

− have a minimized volume and may not even need 488 
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continuous treatment operations. As discussed above, chemical innovations in catalyst formulation 489 
can significantly improve cost-effectiveness. If the optimized [(NH2)2bpy]MoOx−Pd/C (0.5 wt% 490 
Pd and 3 wt% Mo) (Ren et al., 2022) is applied to treat 1 m3 of the waste brine (after the ion-491 
exchange purification of >50,000 m3 of drinking water), a quick estimation of Pd and Mo needed 492 

for a typical 1 g/L (or 1 kg/m3) catalyst loading would be 5 g Pd and 30 g Mo. Moreover, the 493 
catalyst is to be reused many times. For comparison, the catalyst converter in a typical gasoline 494 
vehicle contains 2−5 g of Pd. Hence, there is no unique economic barrier to applying PGM 495 
catalysts for water treatment applications.  496 

3.3 New Research Opportunities  497 

Based on the discussions above, the field of reductive catalysis for pollutant degradation 498 
has not been adequately developed for multiple reasons. The innovation of catalyst formulation, 499 

including the rational choice of metal elements, metal speciation, and reaction pathway, is far from 500 
mature. To date, limited successes include the use of (i) Cu, Sn, and In to allow NO3

− reduction, 501 

(ii) Ru and Rh to achieve novel functions that Pd does not have, and (iii) OAT metals (e.g., Re and 502 
Mo oxides and complexes) to enable the reduction of highly recalcitrant ClO4

−. Due to the limit of 503 

our research experience and the length of this paper, we have not discussed PGM-catalyzed 504 
dehalogenation. Here we just briefly note that the switch from Pd (highly active in dechlorination) 505 

(Grittini et al., 1995; Lowry and Reinhard, 2000,2001; Zhuang et al., 2011) to Rh enabled 506 
hydrodefluorination from fluoroarenes (Baumgartner and McNeill, 2012; Baumgartner et al., 2013; 507 
Yuan et al., 2021), vinyl fluoride (Yu and Chiu, 2014), and fluorinated pharmaceutical pollutants 508 

(Fig.1) (Park et al., 2020).  As the majority of previous catalyst development have been focusing 509 
on novel support materials and nanostructure controls, we envision that the re-allocation of the 510 

research effort will substantially expand the scope of the catalyst formula and uncover various 511 
functionalities toward pollutant degradation.  512 

We also hope that the examples, lessons, and clarifications in this paper can largely remove 513 
the concerns and misconceptions regarding reductive catalysis research. The high activity can be 514 

achieved through both rational design and extensive screening. The experimental approach is not 515 
necessarily “advanced” or “complicated”. At least, most examples shown in this paper do not 516 
involve the multiple-step construction of hierarchical nanostructures. Instead, the one-pot and in-517 

situ preparation methods (Figs.6 and 7) are ideal for engineering applications. The conceived 518 

inhibition by water matrix components is not necessarily true for all catalysts. Even if some are 519 
identified as strong fouling species, they can be removed before using the catalyst.     520 

Below are three “fundamental” questions we consider valuable for future research efforts: 521 

1) What new functions can the single-metal (beyond Pd) or multi-metal formulations 522 
(beyond the reported ones) provide for water pollutant degradation? 523 

2) With the existing metal selections, how to further improve the activity through 524 
simple design (e.g., using additives) rather than complicated and costly procedures? 525 

3) How to improve the robustness and stability of catalysts by tuning the intrinsic 526 
properties of catalyst components?  527 

Below are five “applied” questions we consider worth doing for future research efforts: 528 
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1) What is the performance of the sufficiently developed catalyst formulation (i.e., no 529 
more optimization is necessary) under the most challenging conditions relevant to the real 530 
applications?  531 

2) For the final catalyst, how to maintain the activity and minimize the fouling issues 532 

through process design? 533 

3) How to apply the powder catalyst in the pilot-scale process? 534 

4) How to capture the leached metals and recycle the catalyst materials? 535 

5) Where to use these catalysts beyond the drinking water treatment contexts? One 536 
emerging need is the degradation of oxyanion co-contaminants during the treatment of per- and 537 

polyfluoroalkyl substances (PFAS). For example, NO3
− is a confirmed inhibiting species for UV-538 

sulfite degradation of PFAS (Ren et al., 2021b). ClO4
− is a common byproduct of the 539 

electrochemical degradation of PFAS (Schaefer et al., 2015). A comprehensive treatment of waste 540 
streams will need to address the toxic oxyanions and other organic halides. Therefore, reductive 541 
catalysis may become a key component of the treatment train system.  542 

3.4 Extended Recommendations 543 

Because the prior goals of this research field are still achieving more active, stable, and 544 
realistic catalysts and reactors for engineering application, we also recommend reducing some 545 

efforts that may adversely exhaust the researchers’ interest, patience, and belief: 546 

1) Avoid excessive morphology control, instrument characterization, and theoretical 547 
calculation/simulation during the initial stage of catalyst development. Serious mechanistic studies 548 

are undoubtedly imperative for both fundamental understanding of conventional catalyst structures 549 
(Cerrillo et al., 2021) and technology advancement of new catalyst structures with novel functions 550 

(Choe et al., 2014; Chu et al., 2021; Ren et al., 2021a). However, one could not deny that the core 551 
mission of water treatment technology research remains methodology development. How much 552 

earlier efforts in the advanced mechanistic investigation have contributed to the improvement of 553 
catalyst performance remains a question. Whether those efforts primarily played a decorative role 554 

is an open topic for debate. In practice, the aggravating trend of mixing methodology development 555 
and mechanistic elucidation in every single work on heterogeneous catalyst development has 556 
become a heavy burden for researchers. Many publications seem comprehensive but insufficient 557 
in either aspect. Furthermore, the obsession with complicating theoretical explanations has 558 

triggered warnings from top-tier journals of both nanotechnology (Nature Nanotechnology Editorial 559 
Board, 2022) and physics (Mazin, 2022). For a stark comparison, the field of homogeneous Pd 560 
catalysis for organic synthesis prioritizes the rate, yield, condition, and scope of reactions for 561 
applications (e.g., pharmaceuticals, organic materials, etc.) without too much burden on 562 

mechanistic elucidation. Systematic mechanistic understandings are often achieved on the most 563 
promising catalyst families at a later time (Singh et al., 2002; Shekhar et al., 2006; Strieter and 564 
Buchwald, 2006; Barder and Buchwald, 2007b,a). Readers can check these references to find how 565 

many previous methodology studies supported an adequate mechanistic investigation. We (and 566 
many peer researchers) believe that reducing unnecessary effort is the key to efficiently advancing 567 
catalyst research.        568 

2) Avoid simply immobilizing known metal species on various “popular” supporting 569 
materials, especially when the materials are not commercially available but require laborious steps 570 
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to synthesize or have no clear rationale to enhance the catalyst performance. If one has the resource 571 
to conduct such experiments, this paper has shown many alternative efforts that can be more 572 
rewarding in terms of advancing environmental technology.   573 

3) Avoid conducting “symbolic engineering testings” that only include one 574 

“representative” concentration of Cl−, SO4
2−, and NOM, or running 3−5 quick recycles when the 575 

catalyst has not been fully developed for real application. For instance, the result of 20% inhibition 576 
by 10 mM Cl− cannot help evaluate the catalyst when 100 mM or more concentrated Cl− is present. 577 
The premature recycling/reuse demonstration has been disputed by the catalysis community (Scott, 578 
2018), although such a trend still continues for unknown reasons. As such demonstrations have 579 

been primarily decorations in most publications, there is no need to keep following them. Because 580 
not all catalysts are developed for direct application in real water, any scientific advance made by 581 
proof-of-concept is highly valuable for the research community. For catalysts developed for 582 

practical application, we have provided an example of systematic engineering evaluations and 583 
technical solutions to all the identified challenges (Ren et al., 2022). Such work can be separated 584 
from the proof-of-concept studies. 585 

4) Avoid comparing the cost and sustainability while the catalyst has not been 586 
adequately developed and optimized. The premature conclusions, especially negative ones, would 587 

not hold long after better (or significantly better) catalysts are developed. 588 

4. Conclusions 589 

Toxic oxyanions, organic halides, and other oxidized pollutants remain realistic challenges 590 

in various environmental protection scenarios. While reductive catalysis for water pollutant 591 
degradation is not a very hot topic at this moment, we have discussed the history, analyzed the 592 

current status, summarized examples of advances in the catalyst functionality and preparation 593 

method, and pointed out the knowledge gaps, lessons, misunderstandings, and pitfalls of catalyst 594 

development research. The facts and reasoning suggest that this research field is far from mature 595 
but has great promise for innovation and application. New design rationale, re-allocated research 596 

effort, and the necessary escape from the decorative experimental frameworks are three key factors 597 
for the continued success of this research direction.   598 
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